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Abstract 
 
Nowadays, plants have become a promising alternative over the traditional expression 
systems for the production of biologically active complex recombinant proteins. So far, 
research has been focussed on increasing accumulation levels of recombinant proteins 
expressed in many plant models. On the other hand, the cell compartment where recombinant 
proteins are deposited often refers to protein quality in term of protein folding and post-
translational modification (e.g. N-glycosylation). 
Recombinant proteins directed to the secretory pathway in plants require a leader peptide for 
translocation into the endoplasmic reticulum. In the absence of further targeting information 
such proteins are generally secreted, via the default pathway, to the apoplast. This has been 
well-documented in protoplasts and leaf cells, but the trafficking of recombinant proteins in 
storage tissues such as endosperm or cotyledons has only received little attention. In addition, 
it has been suggested that the high specificity of seed tissue for starch, minerals and proteins 
storage might interfere with protein secretion.  
We used Aspergillus niger phytase as a model glycoprotein to compare the intracellular fate 
and the N-glycosylation profile of a recombinant protein in different plant tissues (seeds and 
leaves) in rice, tobacco and Medicago truncatula. After determination of N-glycosylation 
patterns and microscopy analyses, we reported that the recombinant protein was preferably 
retained in protein storage organelles within rice and tobacco endosperm cells, while it was 
efficiently secreted in leaf and cotyledon tissues as expected for protein following the default 
secretory pathway. Interestingly, in rice and M. tuncatula leaves, a significant part of A. niger 
phytase was misrouted to the vacuole. Besides, we revealed an important heterogeneity in the 
N-glycosylation patterns of A. niger phytase when produced in different plants and tissues. In 
addition, only A. niger phytase extracted from M. truncatula leaves harboured Lewisa-bearing 
N-glycans known to be potentially highly immunogenic.  
Together, these results showed that localisation and N-glycosylation of a recombinant protein 
is tissue dependent, with obvious implications for the production of pharmaceutical proteins 
by molecular farming. 
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I. INTRODUCTION 
 
I.1. Molecular farming: addressing constraints caused by protein deposition and N-
glycosylation 
The development of recombinant DNA technology in the 1970s resulted in the first 
genetically modified organisms (GMOs). For the first time, bacteria could be used as bio-
factories to produce heterologous proteins (e.g. insulin production in Escherichia coli; 
Johnson, 1983). Recombinant DNA technology was later improved and adapted to yeast 
(Curry et al., 1988), animal (Simons et al., 1987; Gordon et al., 1987)) and plant cells (Barta 
et al., 1986) allowing the production of a wide range of recombinant proteins. Cell culture-
based systems have been developed by industry to scale-up production and meet the increased 
demand for pharmaceuticals and industrial proteins. Nevertheless, the recent development of 
new classes of pharmaceuticals, such as monoclonal antibodies, will place even more pressure 
on existing production facilities. A large number of recombinant proteins have been produced 
in plants over the last 20 years, demonstrating the ability of plants to compete with existing 
industrial production systems. The successful expression of full-size recombinant 
immunoglobulins was first reported by Hiatt and co-workers in tobacco leaves (Hiatt et al., 
1989). Since then, many teams from the public and private sectors have demonstrated the 
feasibility of producing different complex proteins including antibodies (Hiatt et al., 1989; 
Ma et al., 1995, Stoger et al., 2000; Fischer et al., 2003; Gomord et al., 2004), human 
proteins (Barta et al., 1986; Sijmons et al., 1990; Zhu et al., 1994; Ruggiero et al., 2000; 
Staub et al., 2000), recombinant vaccines (Mason et al., 1992; Tacket et al., 1998; Daniell et 
al., 2001), industrial enzymes (Pen et al., 1992; Verwoerd et al., 1995; Hood et al., 1999) and 
biodegradable plastics (Poirier et al., 1992; Snell et al., 2002) in many different plant systems. 
Production has focussed on the use of leaves, with host systems such as tobacco and alfalfa 
being the most popular (reviewed by Ma et al., 2003; Fischer et al., 2004; Schillberg and 
Twyman, 2004), and storage tissues in cereals and root vegetables (Menkhaus et al., 2004; 
Stoger et al., 2005). Techniques have been developed to optimise expression levels and 
facilitate protein targeting to particular compartments of the plant cell, preferably in a 
controlled manner using inducible promoters (Stoger et al., 2004). These successes have 
shown that plants are attractive alternative production systems mainly because of their low 
cost, high level of safety, ease of scale-up and storage properties (Schillberg et al., 2003; 
Twyman et al., 2003; Stoger et al., 2004). For example, the production of a scFv antibody in 
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cereal seeds allowed that recombinant product to be stored for several years without loss of 
activity (Stoger et al., 2000). Increasing the level to which recombinant proteins accumulate 
in plant factories remains a challenge, which is currently a barrier to the industrialization of 
the technology. The quality of the protein in terms of folding, post-translational modification 
(e.g. N-glycosylation) and biological activity is also crucial, and needs further investigation. 
Indeed, since folding and post-translational modification occur within the endomembrane 
system while the recombinant protein is progressing en route to its subcellular destination, 
protein integrity often depends on where the protein is deposited within the plant cell. 
Typically, publications indicate recombinant protein expression levels without mentioning 
either where the protein is deposited or the nature of the resulting N-glycosylation, even 
though these issues may have a critical impact on the quality and stability of glycoproteins 
(Hood, 2004). In order to compare plants to the yeast and mammalian cell systems in terms of 
protein activity and immunogenicity, the N-glycan structures from plant-derived recombinant 
glycoproteins need to be characterized. Moreover, it would be interesting to combine such 
studies with those showing the site of protein deposition within the plant cell, in order to 
determine the best combination of N-glycosylation patterns, protein stability and 
accumulation, protein activity and other characteristics required for industrial or therapeutic 
purposes. 
I.2. Deposition of recombinant proteins in the plant cell 
I.2.1. The secretory pathway 
In the 1960s, key experiments revealed that secreted proteins first entered the endoplasmic 
reticulum (ER) and passed through membranous structures called endomembrane system 
prior to secretion (Pallade, 1975). Experiments carried out in the early 1970s showed that the 
endomembrane system was composed of the endoplasmic reticulum, Golgi apparatus (or 
Golgi complex), secretory vesicles, plasma membrane and vacuoles (Morré and Mollenhauer, 
1974). Secreted proteins, as well as those normally resident in the vacuole, ER and Golgi 
apparatus, require a specific leader peptide (also known as the signal peptide) allowing the 
nascent proteins to enter the ER lumen during translation, as described in more detail below. 
Some experiments demonstrated that the addition of a leader peptide to the N-terminus of 
cytosolic proteins was sufficient to target such proteins into the ER lumen (Dore et al., 1989; 
Iturriaga et al., 1989). Denecke and co-workers established the concept of a default secretory 
pathway (Fig. I.1), which was based on a model system involving the transient expression of 
heterologous proteins in tobacco protoplasts (Denecke et al., 1990; De Loose et al., 1991).  
Introduction 
 3
 
 
Figure I.1: Schematic representation of the plant endomembrane system. 
Proteins fused to a leader peptide enter the secretory pathway by co-translational insertion into the ER 
(endoplasmic reticulum). Depending on targeting determinants, correctly folded proteins will either stay in the 
ER lumen, or be directed to other compartments such as the Golgi apparatus or vacuoles (B). Without such 
targeting information, proteins will follow the default secretory pathway which ends by the secretion to the 
apoplast (C). In seed tissues of some plants, storage proteins can leave the ER via ER-derived vesicles that will 
eventually be deposited into protein storage vacuoles (A). Figure adapted from Okita et al. (1998). 
A
B
C
Secretion
Nucleus 
ER 
Golgi 
apparatus 
Protein 
bodies 
Vacuole 
(storage/lytic) 
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This model was supported by the finding that over-expression of vacuolar proteins led to their 
partial secretion (Stevens et al., 1986). This mistargeting to the intercellular space might be 
due to saturation of the receptors responsible for vacuolar transport, consequently resulting in 
secretion “by default”. These insights into protein transport in plant cells have led to the view 
that, in the absence of any specific targeting signals, a protein entering the endomembrane 
system will follow the default secretory pathway and will be secreted to the cell exterior (Fig. 
I.1). While passing through the endomembrane system, chaperone-assisted folding, assembly 
and post-translational modification of proteins take place. 
 
I.2.2. Protein biosynthesis and maturation through the secretory pathway 
I.2.2.1. Protein translocation into the ER and protein-protein interactions 
Proteins targeted to the endomembrane system contain an N-terminal, cleavable leader 
peptide. As for all nascent proteins, mRNA translation starts on free cytosolic ribosomes. This 
is followed by a cascade of interactions between the leader peptide and the signal recognition 
particle (SRP; Fig. I.2), which arrests or retards translation until the ribosome-mRNA-nascent 
protein-SRP complex is attached to a translocation pore on the rough endoplasmic reticulum. 
The SRP is then released and the ribosome resumes translation (Walter et al., 1981).  
 
 
Figure I.2:  Schematic representation of the translocation of a nascent polypeptide to the 
ER lumen during the translation process. 
The signal peptide is recognised by the Signal Recognition Protein (SRP) forming a complex with the ribosome 
units and the nascent polypeptide (1). The complex docks to the ER membrane via a SRP receptor-Sec61 
complex (2), and the translocation via the translocon to the ER lumen starts (3). The leader peptide is cleaved (4) 
and the elongating protein chain starts to interact with chaperones. From Galili et al. (1998). 
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The leader peptide is usually cleaved off before translation is completed. The removal of the 
leader peptide appears to be essential for the correct folding of the N-terminal domain of the 
growing protein. The following steps are a cascade of interactions between the newly 
synthesised protein and chaperones that bind to the proteins and retain them in the ER until 
they are correctly folded and assembled (Hartl, 1996; Fink, 1999). 
 
I.2.2.1.1. The binding protein BiP 
The best-characterised chaperone in animal as well as in plant cells is the glucose-regulated 
protein 78 (GRP78) from the HSP70 family, commonly called binding protein or BiP (Boston 
et al., 1996a). BiP interacts as soon as the nascent polypeptide chain has entered the ER 
lumen (Vitale and Denecke, 1999). This interaction is crucial not only for translocation but 
also in order to avoid the exposure of hydrophobic regions that would otherwise result in the 
aggregation of unfolded proteins. In mammalian cells, BiP is also thought to seal off the 
translocon pore in order to maintain the integrity of the ER lumen. BiP is an ATPase, i.e. it 
requires energy from one ATP molecule to release its ligand (Munro and Pelham, 1986). In 
plants, interactions with BiP have mainly been described in the context of seed storage 
proteins such as bean phaseolin and cereal prolamins. It has been shown that BiP interacts 
with nascent phaseolin monomers, helping them assemble into trimers (Vitale et al., 1995). In 
rice endosperm, BiP was found associated with prolamins throughout their maturation and 
deposition into protein bodies (Li et al., 1993a). It is still unknown whether BiP participates in 
prolamin body formation by promoting protein aggregation or only assists the folding, since 
BiP has been detected at the periphery of prolamin bodies but not inside (Li et al., 1993a). 
 
I.2.2.1.2. The protein disulfide isomerase (PDI) 
Intra- and interchain disulfide bounds are often required for the correct folding and assembly 
of proteins. Although the oxidizing environment of the ER lumen promotes these processes, 
this in itself might not be sufficient. Therefore, the ER-resident chaperone PDI (protein 
disulfide isomerase) catalyzes the formation of disulfide bridges between cysteine residues 
(Freedman, 1989). As for most chaperones, PDI has been more extensively studied in animal 
cells. Interestingly, its concentration can be very high: in animal cells, PDI can account for up 
to 0.4% of total cellular protein (Noiva and Lennarz, 1992). 
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I.2.2.1.3. The calnexin/calreticulin cycle 
Calreticulin and the membrane-bound protein calnexin are two closely related ER-resident 
lectins which were first identified in animals (Helenius et al., 1997). They associate with the 
nascent protein early in the protein folding process. Like BiP and other chaperones, they serve 
as retention anchors to prevent unfolded or misfolded glycoproteins leaving the ER. This is an 
example of protein quality control dependent on ER-resident chaperones. While BiP binds to 
hydrophobic regions, calnexin and calreticulin bind specifically to glycoproteins that share N-
linked glycan tags that are only attached to incompletely-folded proteins. Unless 
glycoproteins are correctly folded, calnexin and calreticulin keep the unfolded protein 
recycling within the ER lumen. Several homologues to those two lectins have been identified 
in different plants, including spinach (Menegazzi et al., 1993), maize (Kwiatkowski et al., 
1995; Napier et al., 1995), Arabidopsis thaliana (Huang et al., 1993; Nelson et al., 1997) and 
pea (Hassan et al., 1995). 
 
I.2.2.2. Protein deposition within the secretory pathway 
After initial post-translational modifications in the ER, proteins need to be directed to the 
compartment in which they are active. Specific targeting sequences are necessary for retrieval 
to the ER (Hadlington and Denecke, 2000), sorting to a specific compartment such as the 
vacuole (Vitale and Raikhel, 1999) or intercellular space (Denecke et al., 1990). Different 
types of targeting determinants have been identified for ER retrieval and vacuolar sorting. For 
example, the tetrapeptide (H/K)DEL, which is attached to the C-terminus of many ER-
resident proteins, is responsible for their retention in the ER lumen. This targeting peptide 
assures the retrieval of escaping ER-resident proteins as demonstrated with the lysosomal 
enzyme cathepsin D. When fused to a KDEL peptide, this protein accumulates in the ER but 
includes typical cis-Golgi modifications (Pelham, 1988; 1995). Experimental evidence for a 
retrograde pathway from the cis-Golgi to the ER has recently been demonstrated in A. 
thaliana where the binding of a KDEL-fused protein to a homologue of the yeast ERD2 
receptor was confirmed (Boevink et al., 1998). Proteins that do not bear a (H/K)DEL retrieval 
signal continue through the cis-, medial- and trans-Golgi (Saint-Jore-Dupas et al., 2004). In 
the trans-Golgi, proteins can be sorted to lytic vacuoles or protein storage vacuoles, or to the 
intercellular space. Vacuolar sorting is more complicated because there are two different 
pathways leading to the two distinct vacuoles that have been described (Paris et al., 1996). 
Moreover, different vacuolar targeting sequences bind to specific receptors that allow the 
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protein to reach either the lytic or the storage vacuole through a specific pathway. So far, 
three different types of vacuolar targeting sequences have been defined: a N-terminal 
targeting peptide (NTPP), a C-terminal targeting peptide (CTPP) and an internal determinant 
described for certain seed storage proteins (Neuhaus, 1996). Consensus sequences have been 
identified for both CTPP and NTPP determinants. In contrast, for storage proteins, the internal 
determinants do not share conserved sequences but seem to confer a physical structure that 
contributes to protein sorting by promoting aggregation (Neuhaus and Rogers, 1998). 
 
I.2.2.3. Protein transport and deposition into vacuoles 
I.2.2.3.1. Two distinct vacuoles in plant 
Vacuoles are key compartments in the plant cell, carrying out many vital functions that are 
essential to plant life. Vacuoles maintain turgor and protoplasmic homeostasis, and store 
secondary metabolites as well as proteins that will later be degraded in order to provide 
carbon, nitrogen and sulfur resources for growth and development (Marty, 1999). Vacuoles 
with distinct shapes, sizes, content and function have been described in different plants and 
tissues, at first through microscopic observation and later through biochemical analysis. Two 
sorts of vacuoles have been identified: lytic vacuoles, which are mostly found in vegetative 
cells, and protein storage vacuoles (PSV) mainly found in storage tissues such as the 
endosperm (Herman and Larkins, 1999). The study of vacuole function and biogenesis was 
greatly assisted by the discovery of the tonoplast intrinsic protein (TIP), which is a 
characteristic of vacuoles (Johnson et al., 1989; Hofte et al., 1992). Indeed, γ-TIP is found 
abundantly on the tonoplast of lytic vacuoles. In contrast, α-TIP is specifically found on the 
protein storage vacuoles (PSV) of storage tissues (e.g. endosperm) while membranes 
surrounding the PSVs of vegetative tissues contain δ-TIP (Neuhaus and Rogers, 1998). 
 
I.2.2.3.2. Protein sorting to vacuoles 
Receptors binding to some specific vacuolar sorting determinants have already been 
identified. For instance, a type I transmembrane protein (BP-80) from pea was found to bind 
very specifically to the N-terminal vacuolar sorting determinant NPIR of proaleurain from 
barley and was thus identified as a candidate vacuole-targeting receptor (Kirsch et al., 1994). 
Interestingly, BP-80 did not bind proteins carrying the C-terminal vacuole sorting 
determinants (Kirsch et al., 1994). This finding provided strong evidence for the existence of 
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two separate pathways to the vacuole depending on the sorting determinant carried by the 
protein. Indeed, protein transport to vacuoles seems to be dependent on many factors 
including intrinsic properties of the protein, the sorting determinant and the target vacuole. 
Thus far, three different pathways have been identified (Fig. I.3). Firstly, proteins directed to 
lytic vacuoles travel through clathrin-coated vesicles (CCV) from the trans-Golgi network. 
The BP-80 receptor, which binds to proteins that are later found in the lytic vacuole (like 
barley proaleurain, potato prosporamin), is exclusively found in the CCVs (Hinz et al., 1999). 
In contrast, storage proteins accumulate in dense vesicles (DV) en route to the PSVs (Hohl et 
al., 1996). This is consistent with the fact that α-TIP, the PSV marker, has not been found on 
CCVs but is present in large quantities on DVs (Hillmer et al., 2001).  
 
 
 
Figure I.3: Schematic representation of the three routes established for vacuolar 
deposition of proteins. 
The lytic vacuoles (LV) receive proteins from the trans-Golgi via the Clathrin-Coated Vesicles (CCV). Storage 
proteins of either ER or Golgi origin accumulate in the Protein Storage Vacuole (PSV). They are transported 
from the ER via Precursor Accumulating Vesicles (PACV, or ER-derived protein bodies), and from the Golgi 
separate from the PSVs. Figure adapted from Okita et al. (1998). 
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Additionally, large vesicles have been observed in maturing pumpkin seeds. These so-called 
precursor-accumulating (PAC) apparatus via Dense Vesicles (DV). In some cases, PAC 
vesicles remain vesicles have a diameter of 200-400 nm and bud off the ER, transporting 
aggregates of storage proteins to PSVs (Hara-Nishimura et al., 1998). A similar route had 
previously been described by Levanony and co-workers, who observed that in wheat 
endosperm, storage prolamins bypassed the Golgi and moved directly from the ER to the 
PSVs via PAC vesicles (Levanony et al., 1992). Those observations highlight the complexity 
of protein transport to plant vacuoles. 
 
I.3.  N-glycosylation in plants 
I.3.1. N-glycan maturation within the secretory pathway 
N-glycosylation is a major post-translational protein modification. The majority of cell 
surface and secreted proteins are glycosylated. Nevertheless, not all N-glycosylation sites are 
utilized. It has been estimated that 10-30% of potential sites are not glycosylated mainly 
because of structural features (Dwek, 1996). Protein glycosylation is an early process 
occurring mostly co-translationally (Bollini et al., 1983). It starts with the transfer of a 
polysaccharide precursor Glc3Man9GlcNAc2 derived from a dolichol lipid anchored to the ER 
membrane onto the nascent polypeptide (Lis and Sharon, 1993). The precursor is attached to 
the asparagine residue of the specific peptide Asn-Xaa-Ser/Thr, where Xaa can be any amino 
acid except proline and aspartic acid (Kornfeld and Kornfeld, 1985). The transfer is catalysed 
by oligosaccharyl transferase. This process is followed by a cascade of modifications not only 
in the ER lumen but also in the Golgi apparatus, in the vacuole and eventually in the apoplast 
(Fig. I.4). One of those modifications is the trimming of three terminal glucose units, 
catalysed in the ER lumen by glucosidase I and II (Lerouge et al., 1998). The resulting glycan 
structures are collectively termed high-mannose glycans, where the number of mannose 
residues can vary between five and nine. Only high-mannose glycoforms Man9GlcNAc2 and 
Man8GlcNAc2 are found in the ER. As illustrated in Figure I.4, further modifications take 
place in the Golgi apparatus where the glycan residue is reduced to three terminal mannoses. 
At that point, N-acetylglucosaminyltransferases I and II (GNT I/II) add one GlcNAc at either 
end of the two branches of the glycan. One specific feature of plant glycoproteins is the 
α(1,3)-fucosylation and β(1,2)-xylosylation of the core Man3GlcNAc2 catalysed by α(1,3)-
fucosyltransferase (α(1,3)-FucT; Staudacher et al., 1995) and β(1,2)-xylosyltransferase 
(β(1,2)-XylT; Zeng et al., 1997). The addition of these two last sugars does not occur in 
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mammals. This glycoform of the protein then leaves the Golgi apparatus either to be secreted 
or targeted to the vacuole. In the vacuole, the two terminal N-acetylglucosamine residues are 
removed (Vitale and Chrispeels, 1984) and the final vacuolar glycoform has the following 
structure: Man3(Xyl)(Fuc)GlcNAc2 (Fig. I.4). Another glycan structure has been characterised 
recently in Vaccinium myrtillus cell suspension cultures (Melo et al., 1997; Fitchette-lainé et 
al., 1997). The oligosaccharide, containing an epitope known as Lewisa (Lea), corresponds to 
the addition of the motif Galβ(1-3)[Fucα(1-4)] to either one or both GlcNAc residues on the 
extremities of the core (Fig. I.4). In mammals, the Lewisa structure is known to be responsible 
for cell-to-cell recognition (Feizi, 1993) and to participate in the determination of histo-blood 
groups (Henry et al., 1995). In plants, the Lewisa motif apears to be synthesised in the trans-
Golgi and is therefore present on extracellular glycoproteins. This N-glycan form has not been 
found on vacuolar proteins indicating that it is probably degraded by glycosidases on the way 
to the vacuole or within it (Fitchette et al., 1999). Interestingly, the Lewisa glycan is not found 
in all plants. Some plants belonging to the Cruciferae family (cauliflower, rape and radish) do 
not produce detectable amounts of Lea-bearing glycoproteins (Fitchette et al., 1999). 
Attention needs to be paid to glycoproteins carrying the Lewisa structure since it is known to 
be highly immunogenic. 
 
I.3.2. The impact of N-glycosylation on protein folding and activity 
N-glycosylation can influence protein folding, solubility, stability and activity. Many studies 
have been carried out to assess the impact of N-glycosylation on protein folding, and many 
different approaches have been used. These include the use of the antibiotic tunicamycin, 
which inhibits the synthesis of the glycan precursor (Faye and Chrispeels, 1989), and the 
study of proteins in which N-glycosylation sites have been removed by site-directed 
mutagenesis. It is important to point out that the influence of N-glycosylation can be very 
different from one protein to another, so the fate of glycoproteins after the application of 
tunicamycin or after mutation of the glycosylation site can differ considerably. Several 
candidate proteins were no longer secreted under such conditions (Ravi et al., 1986; Faye and 
Chrispeels, 1987; Driouich et al., 1989; Cordewener et al., 1991; Duranti et al., 1995), 
tending instead to be mostly retained in the ER (Faye and Chrispeels, 1987) where they 
formed aggregates (Ceriotti et al., 1998). In other cases, aglycosylated proteins were correctly 
targeted and remained active (Sonnewald et al., 1990; Wilkins et al., 1990; Bustos et al., 
1991; Santino et al., 1992).  
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Figure I.4: Processing of plant N-glycans, from the endoplasmic reticulum (ER) via the 
Golgi apparatus to the vacuole and the apoplast. 
Synthesis starts with the addition of a polysaccharide precursor by an oligosaccharyl transferase to the asparagin 
residue on the nascent growing polypeptide. Glucose and mannose residues are trimmed sequencially by 
glucosidases I/II and mannosidases first in the ER and later in the Golgi apparatus. One N-acetylglucosamine is 
added to each branch of the core in the trans-Golgi before the whole structure travels either to vacuoles or to the 
extracellular space (apoplast). In the vacuole, the two N-acetylglucosamine residues are trimmed. Complex N-
glycans with Lewisa structures are synthetised within the trans-Golgi and accumulate in the apoplast. Lewisa 
structures are not found in all plants. Figure adapted from Helenius and Aebi (2001). 
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These contradictory observations demonstrate that N-glycosylation is crucial for the folding, 
targeting and activity of some, but not all glycoproteins.  
Moreover, it has been shown that synthesis of the ER chaperone BiP is enhanced when 
tunicamycin is applied to plant cells (Denecke et al., 1991; D’Amico et al., 1992; Koizumi, 
1996) and the association of BiP with glycan-depleted proteins was observed (Pedrazzini et 
al., 1997). An increased level of BiP is generally observed in the presence of abnormal 
polypeptides (Gillikin et al., 1997) indicating that the induction of BiP synthesis under 
tunicamycin treatment most likely reflects the accumulation of misfolded proteins in the ER 
(Ceriotti et al., 1998). It has been proposed that proteins lacking glycans fail to fold correctly 
and are subsequently degraded (Pedrazzini et al., 1997). 
The effect of N-glycosylation on protein stability and activity is less clear. Some recombinant 
glycoproteins have been expressed in bacteria as aglycosylated derivatives without significant 
loss of activity (Rosenberg et al., 1984). However, this is not true for all glycoproteins. 
Indeed, other reports have demonstrated that glycoproteins expressed in E. coli show 
decreased activity or no activity at all (Phillippy and Mullaney, 1997). More precise studies 
were carried out on glycoproteins mutated at specific N-glycosylation sites. Mutant variants 
of the proteins were expressed in heterologous systems in order to analyse the effect of 
mutating a specific N-glycosylation site on the folding, trafficking and activity of the protein. 
For example, Eckhardt and co-workers (2002) showed that a murine galactosylceramide 
sulphotransferase lacking the Asn-312 N-glycosylation site was synthesised at a very low 
level. Moreover, when the Asn-66 N-glycosylation site was mutated, they observed a 50% 
decrease in the activity of the protein in vitro (Eckhardt et al., 2002). Another study showed 
that substituting the Asn-286 site of human tripeptidyl-peptidase I dramatically affected the 
folding of the enzyme resulting in a significant loss of activity and pH stability. Interestingly, 
substituting any of the other four N-glycosylation sites had no effect on protein folding, 
stability or activity (Wujek et al., 2004). Hence, N-glycosylation can influence protein folding 
but this is not necessarily true for all glycoproteins or N-glycosylation sites. 
 
I.3.3. Allergenicity of plant glycans 
The presence of α(1,3)-fucose and β(1,2)-xylose on the core Man3GlcNAc2 is well known for 
many glycoproteins of plants (Cabanes-Macheteau et al., 1999). There is no xylose on 
mammalian glycoproteins and fucose is added via an α(1,6) linkage (Gomord et al., 2004). 
The presence of these non-mammalian glycans as well as the Lewisa structure has caught the 
attention of scientists because of the potential risk of an allergic reaction to plant-made 
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pharmaceuticals used for injection. It has been demonstrated that α(1,3)-fucose and β(1,2)-
xylose constitute IgE-binding epitopes and are therefore potentially allergenic (Faye and 
Chrispeels, 1988; Garcia-Casado et al., 1996; Van Ree et al., 2000). Immunization of goats 
(Kurosaka et al., 1991) and rabbits (Faye et al., 1993) with plant glycoproteins has led to the 
production of specific antibodies against glycan-epitopes containing β(1,2)-xylose and α(1,3)-
fucose. Moreover, it has been shown recently that, in addition to the IgE-binding reaction, 
these specific plant glycans can trigger the release of histamines by human basophil cells in 
some patients (Westphal et al., 2003). In contrast to these results, Chargelegue and co-
workers claimed that a murine monoclonal antibody produced in tobacco and carrying plant-
specific glycans was not immunogenic when injected into BALB/c mice (Chargelegue et al., 
2000). These data indicate that further investigations are needed to assess in greater detail the 
potential immunogenicity and allergenicity of plant-made therapeutic glycoproteins. 
 
I.4. Protein storage in seeds 
I.4.1. General seed structure 
There are three major categories of seeds (that belong to two different plant families): 
monocotyledonous seeds (e.g. cereals), endospermic dicotyledonous seeds (e.g. tomato, 
onion, tobacco) and non-endospermic dicotyledonous seeds (e.g. A. thaliana, legumes). The 
three classes of seeds differ in their structure. Generally, seeds comrpise an embryo with one 
cotyledon (monocotyledon) or two (dicotyledon), the endosperm, an aleurone tissue that may 
comprise one or several cell layers, and a seed coat. The major role of the endosperm is to 
deliver nutrients to the embryo (Lopes and Larkins, 1993). In endospermic dicotyledonous 
seeds, the embryo occupies half the volume of the seed and is surrounded by three to five 
layers of thick-walled endosperm cells (Fig. I.5a). Legume seeds differ in that there is almost 
no endosperm tissue left in the mature seeds (Fig. I.5b). Indeed, during seed maturation, the 
two cotyledons absorb almost all food reserves from the endosperm to finally occupy most of 
the seed (Marinos, 1970). In contrast to dicotyledonous plants, cereal seeds show a prominent 
endosperm tissue that can represent up to 90% of the seed, and a small embryo (Fig. I.5c). All 
seed tissues share a storage function (containing minerals, oil, proteins and starch). It is 
interesting to note that legume seeds may contain up to 45% dry weight of proteins while 
cereal seeds contain less than 16%.  
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Figure I.5: Illustration of the seed anatomy of three plant models. 
A- Cross section of Medicago truncatula mature seed (non-endospermic dicotyledonous). The two cotyledons, 
the plumule shoot (ps) and the radicle (rad) account for the major part of the seed. The remaining endosperm 
(en) cells surround the embryogenic tissue. sc, seed coat; mes, mesophyle. 
B- Cross section of Nicotiana tabacum mature seed (endospermic dicotyledonous). In the central part, the 
embryo represented by the two cotyledons (cot) and the radicle (rad) is surrounded by a few layers of endosperm 
(en) cells. sc, seed coat. From Tomlinson et al. (2004). 
C- Cross section of Oryza sativa mature seed (monototyledonous). The embryo is rather small and placed at the 
extremity of the seed. The endosperm occupies the major part of the seed. 
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I.4.2. Seed storage proteins 
I.4.2.1. Protein classification 
Seed storage proteins accumulate to high levels in specific tissues such as the endosperm and 
the cotyledons. No other biological activity or function, other than the storage of amino acids, 
has thus far been established for such proteins. Storage proteins enter the endomembrane 
system by co-translational insertion into the ER lumen, from where they follow different 
routes to reach their final deposition compartment (Müntz, 1998). They are usually composed 
of different subunits linked together by interchain disulfide bridges (Shewry et al, 1995). In 
1924, Osborne classified the seed storage proteins according to their solubility and 
extractability in water (albumins), dilute saline (globulins), alcohol/water mixtures 
(prolamins), and dilute acid or alkali (glutelins). Whereas albumins and globulins are widely 
distributed in dicot seeds, prolamins are specifically found in cereals. The albumins are 
usually globular proteins and share conserved cysteine residues that make albumin a rich 
source of sulfur (Shewry et al., 1995). Among the albumins, we can list the napin storage 
proteins from rapeseed (Brassica napus) and protein SFA8 from sunflower (Helianthus 
annuus). Globulins represent the most widely distributed group of storage proteins as they are 
found in both monocots and dicots. Globulins have been classified in two categories based on 
their sedimentation coefficient: the 7S globulins and the 11S globulins. For example, rice 
(Oriza sativa) glutelin, wheat (Triticum æstivum) triticin, pea (Pisum sativum) legumin, and 
soybean (Glycine max) glycinin, each representing a gene family, belong to the 11S globulin 
class, whereas common bean (Phaseolus vulgaris) phaseolin, broad bean (Vicia faba) vicilin 
and rapeseed (Brassica napus) cruciferin are members of the 7S globulin class (Shewry and 
Casey, 1999). The globulins include a wide range of diverse proteins, with substantial 
differences in composition and post-translational modifications (Shewry et al., 1995). Most 
globulins are not glycosylated, exceptions including the phaseolins and the 11S globulin from 
lupin seeds (Müntz, 1998). The third class of storage proteins, the prolamins, is found 
exclusively in grasses and cereals. With the exception of oat and rice, in which 75-80% of the 
storage proteins are globulins (Zheng et al., 1995), prolamins represent the major storage 
protein in cereals accounting for more than 50% of the protein content (Boyer et al., 1992). 
Prolamin superfamilies have been established based on conserved, repeated sequences. In 
maize, sorghum and millet, the prolamins are called zeins (α, β, γ, δ) where the α-zeins are the 
major group (Wilson., 1991). In rice, three prolamin families have been defined: the 10, 13 
(the major group) and 16 kDa families (Su et al., 2004). 
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I.4.2.2. Storage protein trafficking and deposition 
As mentioned above, the main function of the seed proteins is to accumulate until germination 
so as to provide carbon, sulphur and nitrogen to the growing plantlet. Storage proteins travel 
along specific routes within the endomembrane system, which differ from the pathway 
established for proteins deposited in lytic vacuoles (Müntz, 1998). Albumins and globulins 
move from the ER lumen to the Golgi apparatus from where they are transported to the PSVs 
via vesicles without a clathrin coat: the dense vesicles (Hohl et al., 1996). However, 
exceptions to this well-established pathway have been recently documented. Indeed, a Golgi-
independent route to PSVs via ER-derived PAC vesicles was reported for 11S globulins and 
2S albumins from pumpkin seeds (Hara-Nishirama et al., 1998). Once in the protein storage 
vacuole, endoproteolytic cleavage mediated by vacuolar processing enzymes may serve to 
modify and prepare 11S globulins for dense packing (Hara-Nishirama et al., 1991; 1993; Jung 
et al., 1998). In cereals, storage protein trafficking has been studied extensively, especially 
because of the nutritional value of cereal seeds. It is well known that globulins are deposited 
in PSVs after passing through the Golgi apparatus following the route described above. 
However, in addition to globulins, cereals produce the alcohol-soluble prolamins which are 
deposited within the endosperm cell in a species-specific manner. Prolamins accumulate in 
the ER lumen where they form aggregates. In maize, rice and sorghum, prolamin protein 
bodies then bud off the ER and remain separate from the vacuolar compartment (Shewry et 
al., 1995). The situation is more complicated in wheat, where prolamins also form aggregates 
in the ER lumen, but prolamin bodies subsequently bud off the ER and become incorporated 
to the large PSV by an autophagy-like process without passing through the Golgi apparatus 
(Levanony et al., 1992; Arcalís et al., 2004). Interestingly, no ER-retrieval sequence or 
vacuolar targeting signal has thus far been discovered on prolamins (Müntz, 1998). For that 
reason, prolamin body formation is being studied extensively. In order to gain a better 
understanding of the mechanism of prolamin body formation, the maize prolamins β, δ and γ-
zein have been produced in transgenic tobacco and A. thaliana leaves. Zein bodies similar to 
those in maize endosperm were observed in tobacco leaves co-expressing α- and γ-zein 
(Coleman et al., 1996), α- and β-zein (Bagga et al., 1997), or β- and δ-zein (Bagga et al., 
1995). However, when α- and δ-zein were synthesised alone, they were not retained in the ER 
and rapidly degraded. These observations led to the conclusion that specific interactions 
between zeins influence or promote protein body formation within the ER. It is assumed that 
γ- and β-zeins stabilise α- and δ-subunits, respectively, allowing zein aggregation within the 
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ER (Geli et al., 1994; Bagga et al., 1995; Coleman et al., 1996; Bagga et al., 1997; Bellucci et 
al., 2000). In addition, Li and co-workers showed that the chaperone BiP was closely 
associated with rice prolamins (Li et al., 1993a). These results suggested that BiP promotes 
the folding of prolamins and their assembly on the surface of growing prolamin bodies. In 
support of this hypothesis, it was reported that BiP was located mainly at the periphery of rice 
prolamin bodies (Li et al., 1993a; Muench et al., 1997). Additionally, it is likely that the high 
local concentration of prolamins may trigger interactions between prolamins and therefore the 
formation of protein bodies. To develop this hypothesis, Okita and co-workers have 
concentrated on tracing prolamin mRNA in rice endosperm cells. Strong experimental 
evidence has revealed the active targeting of prolamin mRNA to the ER membrane 
surrounding the prolamin protein bodies by a mRNA signal recognition process (Choi et al., 
2000; Hamada et al., 2003a; Hamada et al., 2003b), while glutelin transcripts appear to be 
directed by default to the cysternal ER. Moreover, the involvement of the cytoskeleton in the 
specific trafficking of prolamin mRNA to prolamin bodies has also been suggested (Muench 
et al., 1998; 2000) and verified by an elegant experimental approach (Hamada et al., 2003b). 
Such preferential mRNA deposition would lead to a significant increase of prolamin 
transcripts in the area where prolamin bodies are formed. Therefore, a high prolamin 
concentration would facilitate protein-protein interactions and therefore protein body 
formation. A specific prolamin mRNA targeting process has not been identified in maize, but 
preliminary observations suggest that γ-zein mRNA might specifically be anchored to the ER 
membrane surrounding zein bodies (Okita and Rogers, 1996). 
 
I.5. Objective and strategy of the study 
I.5.1. Objective of the study 
In plant cells, secretion has been established as the default pathway for proteins that enter the 
endomembrane system without a specific targeting determinant (Denecke et al., 1990; De 
Loose et al., 1991). Although experimental evidence initially confirmed this principle, the 
experiments were generally carried out using protoplasts. Since then, many recombinant 
proteins fused to a signal peptide for targeting to the endomembrane system have been 
expressed in vegetative tissues such as leaves or roots, and have been found deposited by 
default in the apoplast (Verwoerd et al., 1995, De Wilde et al., 1996). However, very little is 
known about the intracellular trafficking of recombinant proteins in storage tissues. Seeds, for 
example, are highly specialised storage organs comprising tissues such as the endosperm and 
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the embryo. Cereals, tobacco and legumes have attracted much interest as a new heterologous 
expression system, but only a few studies have dealt with recombinant protein deposition in 
seeds. Since the main role of seed tissues is storage, it has been suggested that this specificity 
might interfere with protein secretion. Recently, Chikwamba and co-workers reported the 
unexpected localisation of Lt-B protein (the B subunit of the heat labile enterotoxin of E. coli) 
in transgenic maize endosperm (Chikwamba et al., 2003). Indeed, although the bacterial 
protein was targeted to the apoplast, it accumulated in starch granules. It is still unknown how 
a recombinant protein that enters the endomembrane system could be found associated with 
starch granules in the maize endosperm rather than undergoing secretion as expected. This 
publication has raised many questions in the field of protein deposition and its implications 
for recombinant protein quality and accumulation levels are particularly relevant in storage 
tissues (Hood, 2004). It remains uncertain how recombinant proteins behave in seeds. It is 
therefore crucial to investigate in more detail the behaviour of recombinant proteins in 
different plant tissues, their deposition and the resulting N-glycosylation profiles so as to shed 
more light on the principles of cell biology and how these can be applied in the biotechnology 
industry.  
The present study is a comparison of the deposition of recombinant proteins in endosperm 
tissue and cotyledons compared to leaf tissue. Three plant models were considered for this 
study: rice (monocot), tobacco (endospermic dicot) and Medicago truncatula (non-
endospermic dicot). We also investigated the structure of the N-glycans attached to the 
recombinant protein produced in different tissues and plant species in order to determine the 
differences in terms of glycan homogeneity. 
 
I.5.2. Experimental design 
We expressed Aspergillus niger phytase (phyA) in three plant models (rice, tobacco and 
Medicago truncatula). This fungal glycoprotein was a good candidate for this study because it 
is very stable within the plant cell and highly glycosylated. The protein has been expressed 
successfully in diverse plant systems including tobacco (Pen et al., 1993; Vervoerd et al., 
1995; Ullah et al., 1999), soybean cell culture (Li et al., 1997), rice (Lucca et al., 2001), 
wheat (Brinch-Pedersen et al ., 2000), alfalfa (Ullah et al., 2002), A. thaliana (Richardson et 
al., 2001)  and potato (Ullah et al., 2003). A. niger phytase is a monomeric protein with 10 
potential N-glycosylation sites (Wyss et al., 1999). The native fungal protein has a molecular 
mass of 85 kDa, while the aglycosylated protein has been reported to be approximately 50 
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kDa when digested with PNGase F, which releases all N-linked oligosaccharides (Panchal 
and Wodzinski, 1998).  
After stable transformation of rice, tobacco and Medicago truncatula, the recombinant 
phytase was characterised by immunoblot analysis and isolated from seeds and leaves of the 
three plants so as to determine by MALDI-TOF mass spectrometry the N-glycosylation 
profiles of the protein (Fig. I.6). To emphasise the study of A. niger phytase deposition in 
plant cells, fluorescence and electron microscopy was carried out and the subcellular 
localisation of the protein in different tissues and plants was established (Fig. I.6). 
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Figure I.6: Pictural description of the experimental design. 
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II. MATERIALS AND METHODS 
II.1. Materials 
II.1.1. Chemicals and consumables 
The chemicals used throughout this work were purchased from the following companies: Alfa 
Aesar (Karlsruhe, D), Amersham Bioscience (Freiburg, D), Bio-Rad (München, D), 
Boehringer Mannheim (Mannheim, D), Duchefa (Haarlem, NL), Fluka (Neu-Ulm, D), Gibco 
BRL (Eggenstein, D), Invitrogen (Karlsruhe, D), London Resin Company Ltd (London, UK), 
Merck (Darmstadt, D), Molecular Probes (Leiden, NL), MWG (Ebersberg, D), New England 
Biolabs (Frankfurt, D), Plano (Wetzlar, D), Roche (Mannheim, D), Roth (Karlsruhe, D), 
Serva (Heidelberg, D) and Sigma-Aldrich (Taufkirchen, D). 
The consumables were from: Eppendorf (Hamburg, D), SPI supplies (Adi Hassel, München, 
D), Bio-Rad (München, D), Greiner (Solingen, D), MilliPore (Schwalbach, D), Qiagen 
(Hilden, D), and Whatman (Bruchsal, D). 
 
II.1.2. Buffers, media and solutions 
All buffers, media and solutions were prepared according to standard protocols, as described 
in Sambrook and Russell (2000). The otherwise special media and solutions are listed at the 
end of the corresponding method description. Media for bacterial and plant tissue cultures 
were sterilised by autoclaving (20 min/120°C/2 bar). Thermolabile components were filter 
sterilised by passing through a 0.2 μm filter (Millipore) and added to the autoclaved media or 
buffer after they were cooled down to 60-50°C. 
II.1.3. Enzymes and reaction kits 
Restriction enzymes used for DNA digestion were purchased from New England Biolabs. Taq 
DNA polymerase produced by the Fraunhofer IME (Aachen, D) was used for PCR 
amplification. Peptide:N-glycosydase A (PNGase A) used for the release of N-glycans 
attached to the recombinant protein was obtained from Boehringer Mannheim. 
 
The following kits were used: 
 QIAprep® Spin Mini/Midiprep kit from Qiagen, 
 QIAquick® gel extraction kit from Qiagen, 
 Bradford protein assay Roti®-Quant kit from Roth. 
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II.1.4. Primary, secondary antibodies and substrates 
Phytase antiserum (kindly provided by Dr. Ohmann, Novo, Denmark) used for immunoblot 
analyses and microscopy was generated in rabbit and partially affinity purified. Rabbit anti-
phaseolin antibody (kindly provided by Prof. Vitale, Milano, Italy) was used for the detection 
of zeolin. Alkaline phosphatase-conjugated to goat anti-rabbit antibody (Plano) was used as a 
secondary antibody in immunoblot analyses. NBT/BCIP (Sigma) was used as alkaline 
phosphatase substrate for detection of immobilised proteins in immunoblot. 
Goat anti-rabbit Alexa Fluor® 594 (Molecular Probes) and goat anti-rabbit conjugated to 10-
nm gold particles (Molecular Probes) were used as secondary antibody in fluorescence and 
electron microscopy, respectively. 
To dispose of the background generated by the phytase antibody on M. truncatula protein 
extract on immunoblot, the antiserum was incubated at 4°C for 2 h with wild type M. 
truncatula leaf protein extract prior incubation with the blotted nitrocellulose membrane. 
 
II.1.5. Bacterial strains 
Escherichia coli strain DH5α (F- (f80d Lac2ΔM15) Δ(LacZYA-argF) U169end A1 rec1 
hsdR17(rk- mk-) deoR thi-1 supE44 gyrA96 relA1 λ-, Ausubel et al., 1994) was used a host cells 
for plasmid amplification. 
Agrobacterium tumefaciens GV 3101::pMP90RK (gentr, kanr), rifr (Koncz and Schell, 1986) 
was used for agrobacterium-mediated transformation of tobacco and Medicago truncatula 
plants.  
 
II.1.6. Plants 
The rice variety Oryza sativa L., ssp indica, cv A19, the tobacco variety Nicotiana tabacum 
cv petit Havana SR1 and the Medicago variety Medicago truncatula Gaertn cv Jemalong 
were used for the generation of stable transformed plants. Transgenic tobacco variety 
Nicotiana tabacum cv petit Havana SR1 expressing zeolin were kindly provided by Prof. 
Vitale, Italy. Medicago truncatula Gaertn cv Jemalong plants (M9-10a genotype) were kindly 
provided by Prof. Pedro Fevereiro (ITQB, Oeiras, Portugal). The M9-10a genotype was 
selected due to its high embryogenic potential (Neves et al., 1999; Araujo et al., 2004).  
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II.1.7. Vectors 
pPhyA (Drakakaki, 2002; John Innes Centre, UK) was used for rice endosperm specific 
expression of A. niger phytase. It contains the endosperm-specific rice Gt1 promoter and the 
rice ADPGPP terminator (a kind gift from Dr. Okita, Washington State University, USA). 
pTRA (Thomas Rademacher, Institut für Biologie VII, RWTH Aachen, Germany) is a 
optimised plant expression vector containing the enhanced 35S promoter and the pA35S 
untraslated region from the CaMV. A matrix attachment region was introduced to improve 
transcription. 
pWRG1515 (Fig. II.1; Christou et al., 1991) used for rice transformation contains both the 
gusA and the hpt hygromycin-resistance genes, under the control of the 35S Cauliflower 
Mosaic Virus. 
 
 
Figure II.1: Plasmid pWRG1515, used for selection. 
It contains the reporter gene gusA (cytosolic expression), and the hygromycin resistance gene hpt. Both genes 
were expressed under the 35S promoter of the cauliflower mosaic virus (CaMV). nos, terminator sequence of the 
nopaline synthase. 
 
II.1.8. Oligonucleotides 
- primers used for the construction of the pTRA-PhyA-AH vector: 
phyEco forward  5’-ACG CGA ATT CGT ACA CAA TCA GA-3’  
(EcoRI restriction site underlined) 
phyNot reverse   5’-CAT GCG GCC GCA GCA AAA CAC TCC-3’ 
(NotI restriction site underlined) 
- primers used for sequencing the pTRA-PhyA-AH vector: 
pSS 5’   5’-ATC CTT CGC AAG ACC CTT CCT CT-3’ 
pSS 3’   5’-AGA GAG AGA TAG ATT TGT AGA GA-3’ 
 
II.1.9. Resin and membranes 
Ni-NTA agarose resin (Bio-Rad) was used for the purification of recombinant phytase fused 
to the His6-tag from plant crude protein extracts. 
HybondTM-C nitrocellulose membranes (0.45 μm) from Amersham Bioscience and Whatman 
paper no. 1 paper from Whatman were used in immonoblot analyses. 
CaMV 35S 
 promoter gusA nos polyA CaMV 35S  promoter 
nos 
polyA 
hpt 
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II.1.10. Equipment 
Camera: E.A.S.Y. 440K camera (Herolab). 
Centrifuge: AvantiTM J-30 I and Microfuge® R (Beckman, USA), Varifuge 3.OR (Heraeus, 
Hanau), Centrifuge 5415 D (Eppendorf). Rotors: JA 30.50, JLA 16.250, F 241.5 (Beckman), 
F 45.24.11 (Eppendorf). 
DNA gel electrophoresis: combs, mini gel chambers and power supplies from Bio-Rad. 
DNA sequencer: Applied Biosystems 3730 DNA Analyzer and BigDyeTM cycle sequencing 
terminator chemistry apparatus. 
Electroporation apparatus: “Gene pulser II®”, “Pulse controller” unit, Extender unit and 0.2 
cm cuvettes from Bio-Rad. 
Electron microscopes: TEM Philips EM 400 running at 80 kV. 
EM specimen polymerisation system: Reichert AFS (Leica). 
Fluorescence microscope: Olympus BX40. 
Incubator: Innova 4430 Incubator shaker (New Brunswick scientific). 
Mass spectrometer: ESI QTof2 (Waters Micromass). 
Microtome: Ultracut E ultramicrotome (Leica). 
Particle bombardment device: PDS-1000/He gun from BioRad. 
PCR thermocycler: Thermocycler PTC 200 from MJ Research. 
Phytochambers: Phytotron EDPA 700 (ARALAB), Sanyo CER (Sanyo), 
Photometer: Eppendorf Biophotometer (Eppendorf). 
Protein gel electrophoresis equipment: Mini PROTEAN IIITM electrophoresis system and 
Power Pac 300 from Bio-Rad. 
Protein gel transfer equipment: Trans blot Semi-Dry transfer cell from Bio-Rad. 
UV-transilluminator: wavelength 302 nm and UVT-299 (Herolab). 
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II.2. Methods 
II.2.1. Transformation vectors 
II.2.1.1. Endosperm-specific rice expression vector  
The pPhyA was designed previously (Drakakaki, 2002) for rice endosperm-specific 
expression of the Aspergillus niger phyA gene (kindly provided by Dr. Mullaney, USDA, 
Louisiana, USA). It contains the endosperm-specific rice Gt1 promoter, the phyA gene 
(GenBank accession no: Z 16414) fused to the leader peptide of the murine immunoglobulin 
κ light chain (LPL, Voss et al., 1995) and the rice ADPGPP terminator (a kind gift with the 
rice Gt1 promoter from Dr. Okita, Washington State University, Pullman, USA). 
 
II.2.1.2. Constitutive expression vectors for rice, tobacco and M. truncatula 
For constitutive expression of the A. niger phyA gene, the LPL:phyA sequence was amplified 
from the pPhyA vector by PCR using the primers phyEco forward and phyNot reverse under 
the following conditions: an initial denaturation at 95°C for 5 min followed by 30 cycles of 
amplification at 95°C for 30 s, at 55°C for 35 s, at 72°C for 90 s and a fill-in cycle at 72°C for 
10 min. The PCR product was digested with EcoRI and NotI restriction enzymes and inserted 
into the pTRA-AH vector containing the matrix attachment regions (MARs) to minimise 
transgene silencing (Allen et al., 2000). The ligation reaction was performed overnight at 
16°C. 400 ng of vector were mixed with 1000 ng of insert for the ligation reaction. The 
recombinant vector was designated LPL-PhyA-AH, and contained the enhanced 35S 
promoter and the six-histidine tag (His6-tag). The bla gene conferred ampicillin and 
carbenicillin resistance for positive Escherichia coli and Agrobacterium tumefaciens 
selection. In addition, the nptII gene, conferring kanamycin resistance, was included between 
the right and left T-DNA borders for the positive selection of transgenic plants. 
• PCR reaction solution: 1x PCR buffer, 2 mM MgCl2, 0.2 mM each dNTP, 10 pM each 
primer, 0.1 u of Taq DNA polymerise. 
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II.2.2. Basic recombinant DNA techniques 
II.2.2.1. Isolation of plasmid DNA from Escherichia coli 
Plasmid DNA (II.2.3.5) was purified using QIAgen spin Mini/Midi prep kits according to the 
manufacture instructios. Quality and quantity of plasmid DNA was confirmed by 
spectrophotometric analysis (II.2.2.2) and agarose gel electrophoresis (II.2.2.3). 
 
II.2.2.2. Quantification of DNA 
The DNA concentration was evaluated by optical density (1 OD260nm unit = 50 μg/ml of 
double stranded DNA) according to Sambrook and Russell (2000). The DNA purity was 
ascertained by the OD260nm/OD280nm ratio of the measured optical density, which is 1.8 for 
pure DNA. 
 
II.2.2.3. Agarose gel electrophoresis 
Undigested plasmid DNA, restricted enzyme digested plasmid DNA and PCR fragments were 
electrophoretically separated on 0.8% agarose gels prepared in TBE buffer containing 0.1 
μg/ml ethidium bromide. Known amount of PstI digested lambda DNA was used for the 
evaluation of sample size, integrity and determination of DNA concentration. Prior loading, 
samples were mixed with DNA loading buffer (1x TBE, 5% (w/v) sucrose, 0.04% (w/v) 
bromophenol blue, 2% (w/v) SDS) 
After electrophoresis, the appropriated PCR fragments or/and restriction enzyme digested 
plasmid DNA were isolated from agarose gel using the QIAquick gel extraction kit (Qiagen) 
according to the manufacturer instructions. 
• TBE buffer (pH 8): 90 mM Tris base; 90 mM boric acid; 0.2 M EDTA. 
 
II.2.3. Preparation and transformation of E. coli 
II.2.3.1. Preparation of heat-shock competent E. coli DH5α cells  
E. coli DH5α (II.1.5) competent cells were prepared for CaCl2-mediated transformation by 
heat-shock. First, 2.5 ml of SOB medium was inoculated with one single colony and agitated 
at 37°C overnight. Then 1 ml of the overnight culture was used to inoculate 100 ml of SOB 
medium and maintained under the same conditions as described above until the culture 
reached an OD600nm of 0.5-0.6. The culture was centrifuged at 4000 rpm for 10 min at 4°C. 
The bacterial pellet was re-suspended in 10 ml ice-cold TB medium. The bacterial suspension 
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was incubated in ice for 10 min and then centrifuged again as above. The bacterial pellet was 
re-suspended in 8 ml ice-cold TB medium and 560 μl of DMSO was added to give a final 
DMSO concentration of 7% (v/v). Aliquots of 200 μl of competent cells were prepared and 
stored at -80°C. 
• SOB medium (pH 7.4): 2% (w/v) Bacto-Trypton; 0.5% (w/v) yeast extract; 4.25 mM 
NaCl; 2.49 mM KCl; sterile 10 mM MgCl2 after autoclaving. 
• SOC medium (pH 7.4): SOB medium supplemented with sterile 10 mM glucose added 
after autoclaving. 
• TB medium (pH 7.4): 1% (w/v) Bacto-Trypton; 0.5% (w/v) yeast extract; 0.8% (v/v) 
glycerol. 
• LB medium (pH 7.4): 1% (w/v) Bacto-Trypton; 0.5% (w/v) yeast extract; 85 mM 
NaCl. 
 
II.2.3.2. Transformation of E. coli DH5α by heat-shock treatment 
E. coli DH5α (II.1.5) was transformed in order to amplify and maintain the expression 
vectors. About 200-500 ng of DNA was transferred to freshly thawed E. coli DH5α heat-
shock competent cells and kept on ice for 20 min. The bacteria were then heated to 42°C for 
90 s and placed back on ice for 2 min. After this treatment, 800 μl of SOC medium (II.2.2.4) 
was added to the bacteria and 50 μl of the suspension was plated on solidified LB-agar (1.5% 
agar w/v) containing 100 mg/L of ampicillin and incubated at 37 ˚C overnight. 
 
II.2.3.3. Preparation of electrocompetent E. coli DH5α cells 
First, 5 ml of LB medium was inoculated using one single colony of E. coli strain DH5α 
(II.1.5) and agitated vigorously overnight at 37°C. The 5-ml culture was used to inoculate 500 
ml of LB medium (II.2.2.4) at 37°C until the culture reached an OD600nm of 0.6-0.7. The 
culture was kept on ice for 20-25 min. After centrifugation (4000 rpm at 4°C for 20 min), the 
bacterial pellet was re-suspended in 400 ml ice-cold water. The centrifugation step was 
repeated as above, and the bacterial pellet was re-suspended first in 200 ml ice-cold sterile 
distilled water, second in 200 ml 10% (v/v) ice-cold glycerol and third in 1 ml of 10% ice-
cold glycerol. Finally, 40-μl aliquots were prepared and stored at -80°C. 
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II.2.3.4. Electroporation of E. coli DH5α  
The transformation of E.coli strain DH5α (II.1.5) was performed by electroporation using the 
BioRad Gene Pulser II®. In a cold 1.5-ml Eppendorf tube, 40 μl of electrocompetent bacterial 
suspension (II.2.3.3) was mixed with 50-200 ng of DNA. The mixture was transferred to the 
bottom of a cold cuvette. The capacitance was set at 25 μF, the pulse controller was set to 200 
Ω and the potential difference was set to 2.50 kV. After the shock, bacteria were re-suspended 
in 750 μl SOC medium (II.2.2.4) and incubated at 37 ˚C for 40 min with shaking. Then, 50-
100 μl of the cell culture was plated on solidified LB-agar (1.5% agar w/v) containing 100 
mg/L of ampicillin and incubated at 37˚C overnight. 
 
II.2.3.5. Quick colony lysis for selection of recombinant colonies 
Single antibiotic-resistant colonies (II.2.3.4) were picked and transferred to Eppendorf tubes 
containing 10 μl of cracking buffer (30 mM Tris pH 8, 50 mM NaCl, 20% (w/v) sucrose, 5 
mM EDTA, 50 μg/ml DNAse-free RNAs A and 50 μg/ml lysozyme). The mixture was 
incubated at room temperature for 10 min. The mixture containing the cracking buffer and the 
bacterial lysate was loaded onto a DNA loading buffer pre-loaded agarose gel (II.2.2.3) and 
separated by electrophoresis in 1x TBE buffer. Selected recombinant E. coli were cultured in 
LB medium (II.2.2.4) overnight at 37°C with vigorous shaking. Bacterial suspensions were 
centrifuged at 4000 rpm for 10 min and plasmid DNA was extracted as descibed earlier 
(II.2.2.1). 
 
II.2.3.6. DNA sequencing 
About 200-400 ng of purified plasmid DNA (II.2.2.1) was sequenced using the Applied 
Biosystems 3730 DNA Analyzer and BigDyeTM cycle sequencing terminator chemistry, with 
20 pmol of pSS 3’ and pSS 5’ primers (II. 1.8). 
 
II.2.4. Preparation and transformation of Agrobacterium tumefaciens  
II.2.4.1. Preparation of heat-shock competent A. tumefaciens cells  
First, 5 ml of YEB medium was inoculated with one single colony of A.  tumefaciens GV 
3101 (II.1.5), overnight at 28 °C. Then, 2 ml of the overnight culture was used to inoculate 50 
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ml of YEB medium and cultivated at 28°C untill the OD600nm reached 0.5-0.6. Bacteria were 
centrifuged at 4500 rpm for 15 min at 4°C, the bacterial pellet was re-suspended in 1 ml ice-
cold 10 mM CaCl2 and the suspension was stored on ice. Aliqutos (500 μl) of the bacterial 
suspension were transferred to sterile microfuge tubes and stored at -80°C. 
• YEB (pH 7.4): 0.5% (w/v) nutrient broth; 0.1% (w/v) yeast extract; 0.5% (w/v) Bacto-
Trypton; 0.5% (w/v) sucrose; sterile 2 mM MgCl2 after autoclaving. 
• YEB selection medium: YEB medium supplemented after autoclaving with 50 µg/L 
rifampicin (rif), 50 µg/L carbenicillin (carb) and 25 µg/L kanamycin (kan). 
 
II.2.4.2. Transformation of A. tumefaciens  
A. tumefaciens GV 3101 heat-shock competent cells (II.2.4.1) were transformed by heat-
shock treatment, as described by Höfgen and Willmitzer (1988). First, 500 ng of DNA was 
transferred to 500 μl of heat-shock competent cells and placed on ice. Cells were frozen in 
liquid nitrogen for 5 min before being transferred to a 37°C bath for 5 min. Then, 1 ml of 
YEB medium (II.2.4.1) was added to the cells for recovery. The cells were incubated for 1 
hour at 28°C, before 10- and 100-μl aliquots of the bacterial suspension were plated onto 
solidified YEB-agar (1.5% agar w/v) selection media plates (II.2.4.1). A negative control was 
carried out by replacing the DNA with sterile water. 
After 2-3 days of incubation at 28°C, five small colonies were checked for the presence of 
LPL-PhyA-AH by PCR using the pSS 3’ and pSS 5’ primers under the following conditions: 
an initial denaturation at 95°C for 5 min followed by 40 cycles of amplification at 95°C for 30 
s, at 50°C for 35 s, at 72°C for 90 s and a fill-in cycle at 72°C for 10 min. Single colonies 
were picked, transferred to a YEB selection plate and the rest mixed in a tube containing the 
PCR reaction solution (II.2.1.2). 
 
II.2.4.3. Preparation of A. tumefaciens glycerol stock  
One positive single colony was used to inoculate 15 ml of YEB selection medium (II.2.4.1). 
After 2-3 days of incubation at 28°C with vigorous agitation, cells were centrifuged at 4000 
rpm for 15 min. The bacterial pellet was re-suspended in 80 ml YEB selection medium. After 
overnight incubation, cells were centrifuged as above. The pellet was re-suspended in 1-2 ml 
of sterile glycerol stock medium. Aliquots of 200 µl were prepared in sterile microfuge tubes 
and stored at -80°C. 
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• Sterile glycerol stock medium: 50% (v/v) glycerol, 100 mM MgSO4, 25 mM Tris pH 
7.4; filter sterilised. 
 
II.2.5. Plant transformation 
II.2.5.1. Rice transformation by particle bombardment 
The transformation was carried out by particle bombardment of mature rice embryos (Oryza 
sativa L., ssp indica, cv A19) as described by Christou et al. (1991). The macro- and 
microelements used for the media are shown in Table II.1 (Murashige and Skoog., 1962). The 
media used for rice transformation are shown in Table II.2. 
 
Macroelements solution Microelements solution Vitamins B5, for 125 ml 
KNO3 187.9 mM KI 0.5 mM Thiamine HCL 0.4% (w/v)
NH4NO3 206.1 mM H3BO3 10 mM Pyridoxine HCL 0.04% (w/v)
CaCl2 29.9 mM MnSO4, 4H2O 10 mM Nicotinic acid 0.04% (w/v)
MgSO4, 7H2O 15 mM ZnSO4, 7H2O 2.99 mM Myo-inositol 4% (w/v)
KH2PO4 12.6 mM Na2MoO4, 2H2O 0.103 mM  
  CuSO4, 5H2O 10 mM  
  CoCl2, 6H2O 11 mM  
 
Table II.1: Macroelements, microelements and vitamins B5 stock solutions used for the 
preparation of rice culture media. 
The vitamins B5 were filter sterilised using a 0.2 μm filter from Millipore®. 
 
II.2.5.1.1. Embryo preparation 
Day 1 
Seeds were first de-husked and sterilised with 70% (v/v) ethanol (3 min), 50 % (v/v) sodium 
hypochlorite (30 min), and Bavistin® fungicide, 2 mg/ml (BASF, 2 min). Then, seeds were 
rinsed thoroughly four times with sterile water in a laminar flow hood and dried on a sterile 
filter paper for 10 min. Seeds were plated onto MS 2,4-D medium (Table II.2) with the 
embryo facing upwards and germinated for 6 days at 26 ˚C in the dark.  
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Day 6 
Embryo-derived calli were excised from the seeds, placed scutellum-upwards in a fresh MS 
2,4-D proliferation medium (Table II.2) and incubated overnight at 26 ˚C in the dark.  
 
Ingredients 
Proliferation 
medium  
MS 2,4-D 
Osmoticum 
medium  
MS OSM 
Selection 
medium 
MSHG30 
Regeneration 
medium  
LKN 
Rooting 
medium  
MSR 6 
Macroelements 10% (v/v) 10% (v/v) 10% (v/v) 10% (v/v) 4% (v/v) 
Microelements 1% (v/v) 1% (v/v) 1% (v/v) 1% (v/v) 0.4% (v/v) 
Fe-EDTA 10 mM 10 mM 10 mM 10 mM 10 mM 
Sucrose 3% (w/v) 3% (w/v) 3% (w/v) / 1% (w/v) 
Maltose / / / 3% (w/v) / 
Mannitol / 0.4 M / / / 
2,4-D (Duchefa) 2.5 mg/L 2.5 mg/L 2.5 mg/L / / 
Myo-inositol / / / 100 mg/L / 
Agarose (Sigma) 0.6% 0.6% 0.6% / / 
Phytagel (Sigma) / / / 0.2% 0.2% 
pH with KOH 5.8 5.8 5.8 5.8 5.8 
Autoclave 20 min at 120 ˚C 
Vitamins B5 0.25% (v/v) 0.25% (v/v) 0.25% (v/v) / 0.25% (v/v) 
Hygromycin B / / 0.03% (v/v) 0.03% (v/v) 0.03% (v/v) 
NAA (Duchefa) / / / 0.5 mg/L  
BAP (Duchefa) / / / 2 mg/L  
 
Table II.2: Media used for rice tissue culture. 
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II.2.5.1.2. DNA coating for rice transformation 
The plasmid DNA for bombardment was prepared by mixing the appropariate phyA-plasmid 
with pWRG1515 plasmid (II.1.7) containing the selectable marker hpt at a molecular ratio of 
2:1. Then, 10 μg of this DNA blend was mixed with 2.5 mg of gold particles (0.71 μm 
diameter; Bio-Rad), 70 μl of XHO buffer (150 mM NaCl in 10 mM Tris) and sterile distilled 
water was added to give a final volume of 100 μl. To this mix, 100 μl of 0.1 M spermidine 
(Sigma) was added to protect the DNA during precipitation. The mixture was vortexed, 100 
μl of 25% (v/v) PEG 6000 was added to enhance the attachment of DNA to the gold particles, 
and the mixture was vortexed again. Finally, 100 μl of 2.5 M CaCl2 was added, very slowly 
with continuous vortexing for 10 min, in order to precipitate the DNA. The mixture was then 
centrifuged at 13400 rpm for 30 s. After discarding the supernatant, 200 μl of 100% ethanol 
was added to wash the DNA. A second wash was performed under the same conditions. The 
pellet was re-suspended by sonication for 1 s in a final volume of 5 ml 100% ethanol. 
 
II.2.5.1.3. Microprojectile transformation process 
Rice embryo-derived callus was bombarded with DNA-coated gold particles using the PDS-
1000/He gun from BioRad (Fig. II.3). Bombardment was carried out under sterile conditions 
and a partial vacuum (686 mmHg). The particles were applied to a carrier disc which was 
separated from pressurized helium by a rupture disc. When the helium pressure reached 1100 
psi, the rupture disc was broken and the carrier disc was propelled towards a stopping screen. 
The gold particles were projected through the stopping screen towards the target placed in the 
bombardment chamber (Fig. II.2). 
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Figure II.2: Detailed presentation of the PDS-1000/He gun from BioRad. 
Helium pressure is applied on the rupture disc, breaks it and the DNA-coated gold beads are projected through 
the stopping screen towards the cells. From BioRad brochure. 
 
 
 
 
Figure II.3: PDS-1000/He gun from BioRad. 
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Day 7 
Four hours prior to the first bombardment, 10 to 15 pieces of embryo-derived callus were 
placed, scutellums uppermost, in a 1-cm2 target zone in the middle of a 50-mm Petri dish 
containing the MS OSM medium (Table II.2). This special medium was required to partially 
dehydrate the cells, conferring more tolerance to the bombardment shock (Vain et al., 1993). 
For each shot, 160 μl of DNA-coated particle suspension was placed on a metalized mylar 
sheet (DuPont 50MMC). The mylar sheet was stacked in the macrocarrier with mineral oil 
(Sigma) before placing it in the PDS-1000/He gun. The rupture disc was dipped in 
isopropanol before assembly. Each plate was positioned in the middle of the bombardment 
chamber for the first shot. A second shot was performed 4 h later. Embryo-derived callus was 
kept on the MS OMS medium overnight in the dark at 26 °C.  
 
II.2.5.1.4. Tissue culture and regeneration 
Day 8 
Embryo-derived callus (II.2.5.1.3) was transferred to fresh MS 2,4-D medium for 2 d in the 
dark at 26˚C.  
 
Day 9 
For the first round of selection, embryo-derived callus was transferred onto MSHG30 medium 
containing 30 mg/L hygromycin (Table II.2). 
 
Week 3 
Callus tissues produced by embryos resistant to hygromycin were divided into smaller pieces 
and subcultured on fresh MSHG30 selection medium for the second round of selection. In 
order to facilitate better selection and proliferation of callus, plates were kept in the dark at 
26˚C for 2-3 weeks. Embryogenic callus was transferred onto LKN regeneration medium. In 
order to ensure a smooth transition to the new hormone-supplemented medium, the callus was 
first placed on LKN medium prepared with 0.4% (v/w) Phytagel™ for 3-4 days in the dark. 
The callus was then transferred to fresh LKN medium including 0.2% (w/v) Phytagel™. 
Plates were placed under light with a photoperiod of 16 h (100 μE/m2.s) at 26˚C to produce 
green shoots. When shoots appeared, plantlets were transferred to MSR6 medium to promote 
root formation. 
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From week 10  
Plantlets with roots measuring approximately 10 cm were transferred into a soilmix for rice 
seedling that contains 2:1 soil:sand. Plants were grown in a 70%-humidity phytochamber with 
a 12-h photoperiod (day/night temperature of 28º/24ºC). 
 
II.2.5.2. Transient transformation of tobacco using A. tumefaciens 
The preparation and vacuum infiltration of tobacco leaves with recombinant A. tumefaciens 
(II.2.4.2) was performed as described by Kapila et al. (1997). One glycerol stock aliquot 
(II.2.4.3) was used to inoculate 50 ml YEB selection medium (II.2.4.1). After 2-3 days 
incubation at 28°C with vigorous agitation, cells were centrifuged at 4000 rpm for 15 min. 
The bacterial pellet was re-suspended in 200 ml YEB selection medium and cultured 
overnight. For tobacco infiltration experiments, the culture was centrifuged (4000 rpm for 15 
min) and the bacterial pellet was re-suspended in 200 ml induction medium. After overnight 
incubation, the cells were centrifuged (4000 rpm for 15 min), re-suspended in 5 ml MMA 
medium containing 200 μM acetosyringone and left for viral induction for 1 h at room 
temperature. Then, the bacterial suspension was diluted in MMA medium to achieve an 
OD600nm of 1-1.,5. Young leaves of Nicotiana tabacum cv petit Havana SR1 were immersed 
in the A. tumefaciens suspension, and the pressure was reduced to approximaetly 60 mbar for 
20 min. After slow release of the pressure, the infiltrated leaves were placed on wet paper and 
covered with plastic film to maintain humidity. Leaves were incubated for 2-3 days at 25°C 
with a 16-h photoperiod. 
• Induction medium (pH 5.6): YEB medium; 10 mM MES. Sterile 2 mM MgSO4, 20 
μM acetosyringone, 50 μg/ml Rifampicin, 50 μg/ml Carbenicillin, 25 μg/ml Kanamycin were 
added after autoclaving. 
• MMA medium (pH 5.6): 0.43% (w/v) MS salts (Duchefa, No. M0221); 10 mM MES; 
2% (w/v) sucrose. Sterile 200 mM acetosyringone was added after autoclaving. 
 
II.2.5.3. Stable transformation of tobacco using A. tumefaciens 
Young leaves from wild type tobacco grown on MS medium (Murashige and Skoog., 1962) 
were used for stable transformation. A suspension of A. tumefaciens was prepared as 
described above for transient expression (II.2.5.2). Leaves were cut into 1-cm2 squares and 
transferred into sterile dishes containing 50-100 ml bacterial suspension and incubated for 30 
min at room temperature. Leaf squares were transferred onto sterile, wet Whatman 3MM 
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paper in Petri dishes, the dishes were then wrapped and placed at 26°C in the dark. After 2 
days, the leaf squares were washed with sterile distilled water supplemented with 100 μg/ml 
kanamycin and 500 μg/ml Claforan (Duchefa). Leaves were transferred onto MS II plates and 
cultured at 26°C for 3-4 weeks (16-h photperiod). The newly formed shoots were cut and 
transferred onto MS III plates and cultured at 26 °C for another 10-14 days under the same 
conditions until roots began to grow. The small plantlets were first transferred into larger 
sterile pots and then into soil 2 weeks later. 
• MS medium (pH 5.8): 0.43% (w/v) MS salts (Duchefa, No. M0221); 0.01% (w/v) 
Myo-inositol (Serva); 2% (w/v) sucrose; thiamine-HCl 0.4 mg/L; 0.8 % (w/v) agar; 500 μl/L 
vitamine I. 
• MS II medium (pH 5.8): MS medium supplemented after autoclaving with sterile 1 
mg/L BAP; 0.1 mg/L NAA; 100 mg/L Kanamycin; 500 mg/L Claforan; 0.8 % (w/v) agar; 500 
μl/L vitamine I. 
• MS III medium (pH 5.8): MS medium supplemented after autoclaving with 100 mg/L 
Kanamycin; 500 mg/L Claforan; 0.8 % (w/v) agar; 500 μl/L vitamine I. 
• Vitamine I solution: 0.4% (w/v) glycin; 0.1% (w/v) nicotinic acid; 0.1% (w/v) 
pyridoxine. The vitamineI solution was filter sterilised through a 0.2 μm filter (Millipore). 
 
II.2.5.4. Crossing of transgenic tobacco lines 
Stable transgenic tobacco plants expressing LPL-PhyA-AH were crossed with transgenic 
tobacco plants expressing zeolin, a fusion of the maize storage protein γ-zein and the bean 
storage protein phaseolin (kindly provided by Dr. Vitale, Milano, Italy; Mainieri et al., 2004). 
Tobacco plants expressing the fungal phytase were used as the male donor. The pollen was 
applied manually to the stigmata of the plants expressing the zeolin fusion. 
 
II.2.5.5. Transformation of Medicago truncatula using A. tumefaciens 
This work was realized in collaboration with Dr. Rita Abranches (ITQB, Oeiras, Portugal). 
Plants were maintained in in vitro culture conditions and micropropagated in growth-
regulator-free medium MSM, as described by Neves et al. (2001). 
Leaflets from in vitro maintained plants were placed onto wet sterile filter paper in a Petri 
dish to prevent dehydration. The leaflets were wounded perpendicularly to the central vein 
using a scalpel blade previously dipped into the A. tumefaciens suspension. After a co-culture 
period of 5 days on solidified embryo initiation medium (EIM) in the dark at 23ºC, the 
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infected explants were transferred to EIM containing 100 mg/L kanamycin and 500 mg/L 
Betabactyl (ticarcillin/calvulanic acid, 25:1; Duchefa, No. T0190) to eliminate bacteria after 
transformation. Embryogenic callus cultures were maintained in a growth chamber 
(PHYTOTRON EDPA 700, ARALAB) with a 16-h photoperiod (100 μmol.E/s/m2) applied 
as cool white fluorescent light and a day/night temperature of 24º/22ºC. To maintain the 
selective pressure, explants were removed and transferred to fresh selective medium every 
week. Twenty-one days after infection, embryogenic callus was transferred to embryo 
proliferation medium (EPM). The callus was maintained in this medium until somatic 
embryos could be isolated. Somatic embryos were isolated in a late torpedo/dicotyledonar 
stage onto MSM supplemented with 100 mg/L kanamycin and 250 mg/L Betabactyl (later 
reduced to 150 mg/L). Every 2 weeks, green somatic embryos resistant to kanamycin were 
transferred to fresh selective medium until conversion to plantlets. When plantlets developed 
roots, all antibiotics were eliminated from the medium. Well-rooted plantlets were 
subcultured under sterile conditions before plantlets could be transferred to soil in the 
greenhouse to produce seeds. 
• MSM medium: 0.43% (w/v) MS salts (Duchefa, No. M0222); 2% (w/v) sucrose; 0.8% 
(w/v) agar. 
• EIM medium: MSM medium supplemented before autoclaving with 0.1 mg/L 2,4-D; 
0.2 mg/L zeatin; 0.8% (w/v) agar. 
• EPM medium: MSM medium supplemented after autoclaving with 100 mg/L 
kanamycin and 500 mg/L Betabactyl. 
 
II.2.6. Protein characterisation 
II.2.6.1. Protein extraction 
Transgenic and wild type plant material (II.1.6) was ground to a fine powder, either under 
liquid nitrogen for fresh leaves or without for dry tissues. Mature seeds from rice, tobacco and 
M. truncatula were used for protein extraction. The recovered material was weighed and 
homogenised with protein extraction buffer I (leaf tissue) or II (seed tissue). The ratio of plant 
material weight to protein extraction buffer volume was 1:1 for tobacco and M. truncatula 
leaves, 1:4 for rice leaves and tobacco seeds, and 1:6 for rice and medicago seeds. After 
centrifugation for 30 min at 17 500 rpm at 4°C, samples were stored at -20°C. 
• Protein extraction buffer I (pH 8): 500 mM NaCl, 10 mM ascorbic acid, 5 mM β-
mercaptoethanol. 
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• Protein extraction buffer II (pH 8): 500 mM NaCl, 10 mM ascorbic acid, 5% (w/v) β-
mercaptoethanol. 
 
II.2.6.2. Protein electrophoresis and immunoblot analysis 
Protein extracts were mixed with protein loading buffer and heated to 100°C for 10 min to 
denature the proteins. Samples were separated by sodium dodecylsulphate polyacrylamide gel 
electrophoresis (SDS-PAGE; for stacking gel: T= 4%, C= 2.6%, pH 6.8; for separating gel: 
T= 12%, C= 2.6 %, pH 8.8) in electrophoresis buffer, with a constant voltage of 20V/cm. A 
pre-stained broad range protein marker (P7708S, New England BioLabs Inc.) previously 
boiled for 10 min was also loaded on the gel. Following electrophoresis, proteins were either 
stained with Coomassie staining solution or transferred to HybondTM-C nitrocellulose 
membranes (Amersham) for 40 min by semi-dry electroblotting (18 V) using the Semi-Dry 
transfer cell from Bio-Rad. Upon completing protein transfer, the nitrocellulose membrane 
was blocked with 5% (w/v) skimmed milk dissolved in PBST by shaking for 1 h at room 
temperature. Immunodetection, with appropriate antisera (dilution 1/10000) was then carried 
out and membranes were developed with substrate solution (Sigma Fast BCIP/NBT buffered 
substrate tablet dissolved in 10 ml water). SDS-polyacrylamide gels stained with Coomassie 
stain were destained after 1 h. When used for immunoblots with M. truncatula leaf extract, 
the phytase antiserum was pre-absorbed for 2 h at 4°C with wild type M. truncatula leaf 
extract before use in order to block non-specific binding. 
• Protein loading buffer, 6x: 8% (w/v) SDS, 40% (v/v) glycerol, 200 mM Tris-HCl (pH 
6.8), 5% (v/v) β-mercaptoethanol, 0.05% (w/v) bromophenol blue. 
• Electrophoresis running buffer: 25 mM Tris; 192 mM glycin; 0.5% (w/v) SDS. 
• Electrotransfer buffer: 25 mM Tris; 192 mM glycin; 0.5% (w/v) SDS; 20% (v/v) 
methanol. 
• Coomassie staining solution: 50% (v/v) methanol; 10% (v/v) acetic acid; 0.05% (w/v) 
Coomassie Brilliant Blue R-250. 
• Coomassie destaining solution: 5% (v/v) methanol; 7.5% (v/v) acetic acid. 
• PBST (pH 7.4): 137 mM NaCl; 2.7 mM KCl; 8.1 mM Na2HPO4, 12H2O; 1.5 mM 
KH2PO4; 0.1% (v/v) Tween 20  
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II.2.6.3. Phytase enrichment 
Depending of the tissue and the plant, A. niger phytase was purified using two different 
optimised protocols. To isolate phytase fused to the His6-tag, immobilised metal ion affinity 
chromatography (IMAC) was carried out according to the manufacturer’s instructions. After 
column equilibration, protein extract (II.2.6.1) was passed twice over the Ni-NTA resin (200 
μl). The resin was washed with 20 ml 500 mM NaCl, PBST, pH 8. Ni-NTA bound phytase-
His6 was eluted with 250 mM immidazol, pH 4.5. 
Second, A. niger phytase was enriched by heat treatment and ammonium sulphate 
precipitation. Before ammonium sulphate precipitation, the rice leaf extract was heated to 
58°C for 5 min. Then, ammonium sulphate precipitation was carried out at 70% (w/v) of 
saturation, requiring the addition of 436 mg/ml ammonium sulphate to the rice, tobacco and 
M. truncatula leaf and seed extracts. Extracts were mixed thoroughly for 5 min before 
centrifugation at 17500 rpm, 4°C for 20 min. The resulting supernatants were dialysed twice 
against PBS at 4°C for at least 4 h each. The dialysed supernatants were eventually 
concentrated with Centricon 10 kMw (MilliPore) according to the manufacturer’s 
instructions. Mature seeds from rice, tobacco and M. truncatula were considered for A. niger 
phytase enrichment. 
 
II.2.6.4. Phytase activity assay 
II.2.6.4.1. Sample preparation 
Phytase activity was determined using 100 mg of powdered plant material obtained by 
grinding fresh tissue in liquid nitrogen. The powder was re-suspended in 1 ml of suspension 
buffer (0.2 M imidazol-HCl, pH 6.5) and stored on ice. The mixture was centrifuged at 17 500 
rpm at 4°C for 15 min. The supernatant was incubated at 37°C with 1 ml suspension buffer 
containing 1% (w/v) phytic acid (Sigma, No. P-5681). At the beginning of the reaction, after 
5 min and 20 min, a 150-μl aliquot was removed and added to an equal volume of 15% (v/v) 
trichloroacetic acid to stop the reaction. 
 
II.2.6.4.2. Colorimetric measurement of liberated phosphate 
A procedure based on the formation of a complex between malachite green and 
phosphomolybdate under acid conditions was used to measure liberated inorganic phosphate 
(Van Veldhoven and Mannaerts, 1987). Using a 96-well microtiter plate, 150 μl of the 
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reaction mixture was added to 150 μl 0.5 M sulphuric acid. A series of dilutions was made 
and 30 μl of ammonium molybdate (1.75 % (v/v); Alfa Aesar) was added to each dilution. 
The microplate was gently shaken at room temperature for 10 min. Then, 30 µl of malachite 
green (0.035% (w/v) malachite green in 0.35% (w/v) polyvinyl alcohol; Alfa Aesar) was 
added to each well and incubated for 45 min. Absorbance was measured at 600 nm with a 
microplate reader. A standard curve was established using different concentrations of 
phosphoric acid, from 0.5 to 50 μM. One unit of phytase activity corresponds to 1 μmol of Pi 
per min released from 1% (w/v) phytic acid. 
 
II.2.6.4.3. Bradford assay 
Bradford reagent Roti®-Quant (Roth) was used to determine the concentration of total soluble 
protein (Bradford, 1976). Standard protein solutions were prepared ranging from 500 ng to 5 
μg using bovine serum albumin (BSA) to determine the standard curve. Then, 2 μl and 4 μl 
samples of protein extract were diluted in distilled water to make a final volume of 10 μl. To 
this was added 200 μl of 1/5 diluted Bradford reagent Roti®-Quant was added. Prior to 
reading absorbance at 595 nm, the spectrophotometer was blanked with 1/5 diluted Bradford 
reagent alone. Protein concentration was then calculated by comparing the OD595nm of each 
sample against the OD595nm of the standard protein (BSA) curve. 
 
II.2.6.5. Determination of N-glycan srtuctures 
The determination of N-glycan srtuctures was kindly carried out by the team of Prof. Altmann 
from the University of Natural Resources and Applied Life Science (Vienna, Austria). 
Phytase enriched fractions were loaded on SDS-PAGE (II.2.6.2), and bands corresponding to 
phytase were excised from the Coomassie stained gel after electrophoresis under reducing 
conditions and subjected to tryptic digestion as described by Katayama et al. (2001). The 
extracted and dried peptides were dissolved in water/acetonitrile/trifluoroacetic acid (95:5:0.1; 
v/v/v) and digested with PNGase A in order to release all N-glycans from the peptides. The 
masses of the resulting N-glycans were determined by MALDI-TOF mass spectrometry 
according to Kolarich and Altmann (2000). 
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II.2.7. Immunolocalisation studies 
II.2.7.1. Specimen processing for electron microscopy 
Rice, tobacco and M. truncatula leaves and seeds (immature seeds from rice and M. 
truncatula, mature seeds from tobacco) were cut into small squares for leaves and thin slices 
for seeds with a razor blade and fixed overnight in fixative solution (4% (w/v) formaldehyde, 
0.2% (v/v) glutaraldehyde in 0.1 M phosphate buffer, pH 7.4) at 4°C. Specimens were then 
washed five times for 15 min with 0.1 M phosphate buffer (pH 7.4) at 4°C. Dehydration was 
carried out first by immersing the specimens in a solution of 50% (v/v) ethanol at 4°C for 30 
min, then passing the specimens through an ethanol series (70% (v/v), 96% (v/v) and 100% 
(v/v), for 30 min each) at -20°C. Specimens were therefore infiltrated in LR White Resin 
(London Resin Company Ltd, UK), containing 0.5% (w/v) benzoin methyl ether, in a series 
1:1, 1:2, 1:3 ethanol:resin (v/v), for 1 h each, and 100% (v/v) resin overnight at -20°C. The 
specimens were transferred to pre-cooled Beem capsules (SPI supplies), filled with freshly 
made resin and allowed to polymerize under UV light at -20°C for 24 h. Then, 100-nm 
ultrathin sections (for electron microscopy) or 1-μm sections (for light microscopy) were 
obtained using a Leica Ultracut E ultramicrotome and collected on Formvar-coated 200 mesh 
gold grids (Sigma). 
 
II.2.7.2. Immunogold labeling 
Grids carrying ultrathin sections were floated on drops of 5% (w/v) BSA in phosphate buffer 
(0.1 M, pH 7.4) for 15 min at room temperature. Then, the sections were incubated with the 
phytase antiserum (dilution between 1/100 and 1/500) in phosphate buffer (0.1M, pH 7.4) for 
2 h at room temperature or overnight at 4°C. After washing with 0.1 M phosphate buffer 
supplemented with Tween 20 (0.05% v/v), sections were incubated with a secondary antibody 
conjugated to 10-nm gold particles (Molecular Probes). Secondary antibodies were diluted 
1:30 in phosphate buffer and incubated at room temperature for 1 h. For the analysis of 
ultrathin transgenic tobacco seed sections, phytase antiserum was first pre-incubated in wild 
type tobacco seed extract for 2 h at 4°C in order to block non-specific binding. The grids were 
then washed with phosphate buffer and water, air-dried and stained with an aqueous 2% (w/v) 
uranyl acetate solution for 10 min. Electron microscopy was carried out on a TEM Philips EM 
400 running at 80 kV. 
• Phosphate buffer 0.1 M (pH 7.4): 19% (v/v) of 200 mM NaH2PO4, H2O with 81% 
(v/v) 9.9 mM Na2HPO4, 2H2O. 
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II.2.7.3. Immunofluorescence microscopy 
Specimens were prepared as described in II.2.7.1, 1-μm sections were obtained and 
transferred onto microscopy slides and subjected to the same treatment as described above 
(II.2.7.2). The antigen-antibody binding reaction was revealed by applying goat anti-rabbit 
Alexa Fluor® 594 (Molecular Probes) used at a dilution of 1:30 in phosphate buffer (0.1 M, 
pH 7.4). The sections were finally washed first with phosphate buffer (0.1 M, pH 7.4) and 
then with distilled water. An Olympus BX40 fluorescence microscope was used for analyses 
of immunofluorescence. 
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III. RESULTS 
III.1. Generation of expression vectors 
III.1.1. Expression vectors used for the study  
Two vectors were used to express the Aspergillus niger phyA gene (GenBank accession code 
Z16414). The principal expression vector (LPL-PhyA-AH) consisted of the phytase gene 
fused to the LPL signal peptide (LPL:phyA) inserted into the pTRA vector containing the 
enhanced CaMV 35S promoter and the His6-tag sequence. LPL-PhyA-AH (Fig. III.1) was 
used to transform rice, tobacco and Medicago truncatula so as to have the same recombinant 
protein expressed constitutively in all three plants using the same expression cassette. 
Since the phytase expression level was very low in rice seeds most probably because of the 
35S promoter, transgenic rice plants were transformed with the pPhyA vector to facilitate 
seed-specific expression. No further targeting sequences were added to either construct, so the 
proteins should be secreted in all cases to the apoplast. 
LPL-PhyA-AH
9018 bps
2000
4000
6000
8000 EcoRI
SalI
NotI
MAR
P35SS
LPL-Phya
his6
pA35S
MARRBRK2 ori
bla
ColE1 ori
LB
pAnos
nptII
Pnos
 
Figure III.1: pTRA-PhyA-AH expression vector map. 
The LPL:PhyA sequence (total size: 1491 bp) was first amplified from the pPhyA vector by PCR (II.2.1.2) using 
the phyEco forward and the phyNot reverse primers (II.1.8). The PCR product was digested with EcoRI and NotI 
and ligated into the pre-digested pTRA-AH vector (II.1.7). E. coli DH5α competent cells were transformed by 
heat-shock so as to amplify and maintain the LPL-PhyA-AH plasmid (II.2.3.2). Single colonies were checked for 
the presence of the correct expression vector. The recovered plasmids (II.2.2.1) were digested with EcoRI and 
SalI to determine the orientation of the insert. LPL-PhyA-AH, was sequenced (II.2.4.1) and the correct DNA 
sequence was confirmed. 
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III.2. A. niger phytase expression in transgenic rice 
III.2.1. Generation and selection of transgenic plants 
Mature embryo-derived callus was co-transformed by particle bombardment (II.2.5.1) with 
the plasmid pWRG1515 (II.1.7) containing the selection marker hpt, and one of the two phyA-
plasmids. Transgenic rice plants transformed with LPL-PhyA-AH and pPhyA were therefore 
generated under hygromycin selection. After 12 weeks, the first candidate plantlets were 
ready for screening. The different regeneration stages of the transgenic rice plants are shown 
in Figure III.2. Plantlets with roots measuring approximately 10 cm were transferred to soil 
and grown in a phytochamber under conditions suitable for seedling growth (70% humidity, 
12-h photoperiod, 28˚C day/24˚C night). Four positive lines transformed with LPL-PhyA-AH 
(lines 2, 31, 34 and 36) were detected by immunoblot analysis. Line 36 was chosen for further 
analysis, because it showed the best phytase expression levels. 
Transgenic rice lines showing seed-specific expression of recombinant phytase had been 
obtained previously (line 171; Drakakaki, 2002). Seeds from line 171 were grown in a 
phytochamber under the same conditions as described above. 
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Figure III.2:  Regeneration of transgenic rice after microprojectile bombardment of 
mature embryo-derived callus tissue. 
Rice embryo-derived callus was bombarded with plasmid DNA-coated gold particles (II.2.5.1.3) using the PDS-
1000/He gun from Bio-Rad (Fig. II.2). Embryo-derived callus were first cultured for 6 days on MS 2,4-D 
medium (II.2.5.1.1) before bombardment (A). Selection of transformed callus was carried out on hygromycin 
containing medium (II.2.5.1.4) and plantlets were regenerated (B). Transgenic plants were recovered (C) and 
transferred to soil. 
 
III.2.2. Molecular characterisation of recombinant phytase in rice 
Transgenic lines resistant to hygromycin were screened for the presence of A. niger phytase. 
Protein extracts obtained from rice leaves and seeds were subjected to immunoblot analysis 
using the phytase antiserum at a dilution of 1:10000. The recombinant phytase was 
successfully detected in rice leaves transformed with the construct LPL-PhyA-AH. Native 
phytase from A. niger has a molecular mass of 85 kDa, whereas the calculated molecular 
mass of the unglycosylated protein is 50 kDa. When phytase was expressed in rice leaves, the 
A 
C 
B
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recombinant protein migrated as a doublet band at 65 and 75 kDa (Fig. III.3, lane 2). 
However, the recombinant phytase extracted from mature rice seeds migrated with an 
apparent molecular mass (Mr) of approximately 60 kDa (Fig. III.3, lane 1). This molecular 
mass is still larger than the one expected for the unglycosylated form of the fungal phytase, 
and was observed for both the seed-specific and constitutive expression of the transgene (Fig. 
III.3, lanes 1 and 6, respectively). As expected in rice seeds, only small amounts of phytase 
were produced using the constitutive 35SS promoter. The signal representing recombinant 
phytase obtained with construct LPL-PhyA-AH was very weak even after concentrating the 
extract (Fig. III.3, lane 6). Using the seed-specific Gt1 promoter (construct pPhyA), the 
recombinant protein was expressed at a significantly higher level (Fig. III.3, lane 1). The level 
and the tissue specificity of transgene expression did not result in significant differences in the 
molecular mass of the protein. 
 
 
 
Figure III.3: Immunoblot analysis of A. niger phytase expressed in transgenic rice leaves 
and seeds. 
15 μl of total soluble proteins extracted from T0 transgenic rice leaves and seeds (II.2.6.1) were separated on a 
12% (w/v) SDS-PAGE gel (II.2.6.2). Proteins were transferred onto a nitrocellulose membrane for 
immunodetection (II.2.6.2) using the phytase antiserum (II.1.4, dilution 1/10000). Total soluble extract from rice 
seed transformed with the construct pTRA-PhyA-AH was concentrated with Centricon 10 kMw (II.2.6.2). Wild 
type rice leaves and seed extracts were used as a control. 
1- Crude extract from transgenic rice seeds transformed with the construct pPhyA (rice seed specific Gt1 
promoter), 15 μl; 2- Crude extract from transgenic rice leaves transformed with the construct LPL-PhyA-AH, 5 
μl; 3- Crude extract from wild type rice seeds, 15 μl; 4- Crude extract from wild type rice leaves, 15 μl; 5- 
Protein marker P7708S (New England BioLabs); 6- Crude extract from transgenic rice seeds transformed with 
the construct LPL-PhyA-AH for constitutive expression, sample concentrated 2 times, 15 μl. 
 
83 kDa 
62 kDa 
48 kDa 
1              2              3             4             5           6 
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III.2.3. Isolation of phytase from rice tissues 
In order to study the N-glycan structure of recombinant phytase, small quantities of pure 
protein were obtained from phytase-enriched fractions of plant extracts. These enriched 
preparations were separated on an SDS-PAGE gel and the protein bands corresponding to 
phytase were excised. 
 
III.2.3.1. Optimization of protocols for phytase enrichment 
III.2.3.1.1. Isolation by immobilised metal ion affinity chromatography 
Because a His6-tag was fused to the phytase sequence in the construct LPL-PhyA-AH, the use 
of immobilised metal ion affinity chromatography (IMAC) with Ni-NTA resin to purify the 
protein from extracts of wild type and transgenic leaves. Immunoblot analysis showed that the 
elution fractions contained only very small amounts of recombinant phytase (Fig. III.4-A, 
lane 3) compared to the flow through (Fig. III.4-A, lane 5), even though the elution fractions 
were concentrated five times. Moreover, the SDS-PAGE gel revealed the presence of 
contaminating rice proteins in the elution fractions as shown in Figure III.4-B (lane 5). 
Modified protocols, including protein extraction in urea (6 M, pH 8), were tested but did not 
improve phytase recovery. 
Protein extracts from transgenic rice seeds were also subjected to IMAC but most of the 
endogenous seed proteins were retained by the resin despite several stringent washes, while 
only minute quantities of phytase were recovered.  
We concluded that purification by IMAC was not suitable for the isolation of phytase from 
rice tissues, and we decided to opt for an alternative fractionation strategy. 
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Figure III.4: Phytase enrichment from rice leaves by IMAC. 
Total soluble proteins extracted from T0 transgenic tobacco leaves (II.2.6.1) were subjected to IMAC 
purification (II.2.6.2). Crude extract, flowthrough, wash and elution fractions were separated on a 12% (w/v) 
SDS-PAGE gel (II.2.6.2). Gels were either Coomassie stained or used for protein blotting (II.2.6.2) for 
immunodetection using the phytase antiserum (II.1.4, dilution 1/10000). The elution fraction was concentrated 
with Centricon 10 kMw (Millipore). 
A- SDS-PAGE, Coomassie staining, 15 μl of sample were loaded. 1- Eluate, transgenic rice leaf extract, 
concentrated 5 times; 2- Eluate, wild type rice leaf extract, concentrated 5 times; 3- Flowthrough, transgenic rice 
leaf extract; 4- Flowthrough, wild type rice leaf extract; 5- Protein marker P7708S (New England BioLabs). 
B- Western blot, 15 μl of sample were loaded. 1- Protein marker P7708S (New England BioLabs); 2- Flow 
through, wild type rice leaf extract; 3- Flow through, transgenic rice leaf extract; 4- Eluate, wild type rice leaf 
extract, concentrated 5 times; 5- Eluate, transgenic rice leaf extract concentrated 5 times; 6-  Crude extract, 
transgenic rice leaves; 7- Crude extract, rice leaves wild type. 
 
III.2.3.1.2. Heat treatment and ammonium sulphate (AS) precipitation 
An alternative protocol was established to improve the selective enrichment of phytase in rice 
extracts, exploiting the biochemical properties of the A. niger phytase (heat stability at 60°C 
and high solubility). The protocol comprised a heat treatment followed by ammonium 
sulphate precipitation. In order to evaluate this procedure for rice extracts, total soluble 
proteins from wild type rice leaves and seeds were first heated to 58°C for 5, 10 and 20 min, 
and then subjected to ammonium sulphate precipitation at 30% (w/v) or 70% (w/v) saturation. 
Although most leaf proteins precipitated at 58°C (Fig. III.5-A, lanes 6-9), the heat treatment 
apparently did not significantly reduce the amount of soluble endogenous proteins in the rice 
seed extract (Fig. III.5-A, lanes 2-5). However, ammonium sulphate precipitation at 70% 
(w/v) saturation reduced the amount of soluble proteins in the extracts from both tissues to 
acceptable levels (Fig. III.5-B). 
83 
62 
33 
A
1         2        3                 4          5
kDa 
kDa 
kDa 
48 kDa 
B
1        2          3          4          5           6          7 
83 
62 
33 
kDa
kDa
kDa
48 kDa 
Results 
 49
175 kDa
87 kDa
37 kDa
62 kDa
48 kDa
37 kDa
48 kDa
62 kDa
87 kDa
175 kDa
1   2 3    4  5    6 7  8  9
A Rice leavesRice seeds
1   2    3    4     5   6       7
B Rice Seeds Rice leaves
 
Figure III.5: Reduction of soluble endogenous rice proteins after heat treatment and 
ammonium sulphate precipitation. 
Total soluble proteins extracted from wild type rice leaves and seeds (II.2.6.1) were heated to 58°C and 
subjected to ammonium sulphate (AS) fractionation at 30% (w/v) and 70% (w/v) of saturation (II.2.6.2). 
Supernatants and resuspended pellets were analysed on a 12% (w/v) SDS-PAGE gel, stained with Coomassie 
brilliant blue (II.2.6.2). 
A- Heat treatment, 15 μl of supernatants were separated by SDS-PAGE and Coomassie-stained. 1- P7708S (New 
England BioLabs); 2- Rice seed extract not heated; 3- Rice seed extract heated for 5 min; 4- Rice seed extract 
heated for 10 min; 5- Rice seed extract heated for 20 min; 6- Rice leaf extract not heated; 7- Rice leaf extract 
heated for 5 min; 8- Rice leaf extract heated for 10 min; 9- Rice leaf extract heated for 20 min. 
B- Ammonium sulphate (AS) precipitation at 30% (w/v) or 70% (w/v) of saturation. 15 μl of resuspended pellet 
or supernatant were separated by SDS-PAGE and Coomassie-stained. 1- P7708S (New England BioLabs); 2- 
Resuspended rice seed pellet after AS precipitation at 30% saturation; 3- Rice seeds supernatant after AS 
precipitation at 70% saturation; 4- Resuspended rice seed pellet after AS precipitation at 70% saturation; 5- 
Resuspended rice leaf pellet after AS precipitation at 30% saturation; 6- Rice leaf supernatant after AS 
precipitation at 70% saturation; 7- Resuspended rice leaf pellet after AS precipitation at 70% saturation. 
 
Because of the high solubility and heat stability of the A. niger phytase, we expected to enrich 
the recombinant protein in heated fractions as well as in high salt concentration fractions. 
Therefore, in order to evaluate the suitability of this approach for the selective recovery of 
phytase, the same treatment was applied to extracts from rice leaves expressing phytase. 
Extracts from transgenic leaves were heated to 58°C for 5, 10 and 20 min. Figure III.6-A 
shows the amount of recombinant protein present in the different fractions after heat 
treatment. Although protein degradation can be observed in all fractions, the recombinant 
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phytase appeared to be fairly resistant to the heat treatment. In parallel, transgenic rice leaf 
extracts were subjected to ammonium sulphate precipitation at 30% (w/v) and 70% (w/v) 
saturation. Even though some phytase was lost in the pellets after precipitation with both 
saturations of ammonium sulphate (Fig. III.6-B, lane 2 and 4), a useful amount of phytase 
remained soluble at 70% (w/v) saturation (Fig. III.6-A, lane 3) under conditions in which 
almost all the endogenous rice proteins precipitated.  Therefore, a combination of a heat 
treatment (58°C, 5 min) and ammonium sulphate precipitation (70% (w/v) saturation) was 
chosen to enrich phytase from transgenic rice leaves.  
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Figure III.6: Effect of heat treatment and ammonium sulphate precipitation on phytase 
recovery. 
Total soluble proteins extracted from T0 transgenic rice leaves and seeds (II.2.6.1) were heated to 58°C and 
subjected to ammonium sulphate precipitation at 70% (w/v) of saturation (II.2.6.2). Supernatants and 
resuspended pellets were analysed on a 12% (w/v) SDS-PAGE gel. Proteins were blotted onto a nitrocellulose 
membrane for immunodetection with the phytase antiserum (II2.6.3, dilution 1/10000). 
A- Western blot showing the effects of the heat treatment (58°C) on recombinnat phytase expressed in rice 
leaves. 1- Rice leaf protein extract heated for 20 min; 2- Rice leaf protein extract heated for 10 min; 3- Rice leaf 
protein extract heated for 5 min; 4- Rice leaf protein extract not heated; 5- P7708S (New England BioLabs). 
B- Western blot showing the recombinant phytase content in the different fractions after ammonium sulphate 
(AS) precipitation. 1- P7708S (New England BioLabs); 2- Rice leaf protein extract from the pellet after AS 
precipitation at 30% (w/v) saturation; 3- Rice leaf protein extract from the supernatant after AS precipitation at 
70% (w/v) saturation; 4- Rice leaf protein extract: pellet after AS precipitation at 70% (w/v) saturation. 
 
III.2.3.2. Phytase isolation from rice leaves by AS precipitation 
Extracts from transgenic rice leaves were treated as described in III.1.4.1. The supernatant 
recovered after ammonium sulphate precipitation (70% (w/v) saturation) and dialysis was 
concentrated six times and separated on a SDS-PAGE gel. As illustrated in Figure III.7, the 
recombinant phytase from rice leaves was successfully recovered, and no contaminants were 
detected by Coomassie staining. No proteins were visible in extracts of wild type rice leaves 
subjected to the same procedure (Fig. III.7, lane 5). Consistent with the western blot (Fig. 
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III.3), two bands were detected. The ammonium sulphate precipitation produced two distinct 
phytase bands, each of which could be excised separately for analysis of N-glycan structures. 
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Figure III.7: Coomassie stained SDS-PAGE gel showing the enrichment of A. niger 
phytase from transgenic rice leaves by ammonium sulphate precipitation. 
Total soluble proteins extracted from T1 transgenic rice leaves (II.2.6.1) were heated to 58°C and subjected to 
AS precipitation at 70% (w/v) of saturation (II.2.6.3). After dialysis, the supernatant was analysed on a 12% 
(w/v) SDS-PAGE gel, stained with Coomassie brilliant blue (II.2.6.2). Wild type rice fresh leaves extract 
subjected to identical treatment was used as a control. 15 μl of transgenic rice leaf crude extract and enriched 
fraction after concentration six times using a Centricon 10 kMw (II.2.6.2) were loaded. 
1- P7708S; 2- Transgenic rice leaf crude extract; 3- Positive control, pure phytase from transgenic tobacco; 4- 
Phytase enriched fraction from transgenic rice leaf extract; 5- Wild type leaf extract after ammonium sulphate 
precipitation (70% w/v). 
 
III.2.3.3. Phytase isolation from rice seeds by AS precipitation 
Because the recombinant phytase was expressed at such a low level in rice transformed with 
the LPL-PhyA-AH construct, the following experiments were carried out with the 
recombinant protein expressed using a seed-specific promoter. Moreover, the recombinant 
phytase extracted from seeds transformed with this construct pPhyA derived from the 
endosperm alone, so there was no contamination with phytase from surrounding tissues such 
as the aleurone or the embryo. Mature seed extract was precipitated with ammonium sulphate 
(70% (w/v) saturation). No heat treatment was carried out on rice seed protein extract since it 
did not result in a significant diminution of endogenous proteins (Fig. III.7-A, lanes 2-5). 
Following dialysis, the supernatants were concentrated 15 times using a Centricon 10 kMw 
(Millipore) before separation by SDS-PAGE. The gel was blotted onto a nitrocellulose 
membrane for 3 min prior to Coomassie staining in order to preserve an exact gel image and 
accurately align the phytase band on the western blot with the Coomassie-stained gel. Phytase 
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was successfully enriched from rice seed extract (Fig. III.8-A, lane 2; Fig. III.8, lane 2), 
although some endogenous proteins were still present.  
 
 
Figure III.8: Phytase enrichment from transgenic rice seeds by ammonium sulphate 
precipitation. 
Total soluble proteins extracted from T1 transgenic rice seeds (II.2.6.1) were subjected to AS precipitaion at 
70% (w/v) of saturation (II.2.6.3). After dialysis, the supernatant was analysed on a 12% (w/v) SDS-PAGE gel 
(II.2.6.2). The gel was blotted onto a nitrocellulose membrane for 3 min prior to Coomassie staining so as to 
have an immunoblot image of the Coomassie stained gel. Wild type rice seed extract subjected to identical 
treatment was used as a control. 15 μl of sample were loaded. 
A- SDS-PAGE Coomassie-stained. B- Western blot of the SDS-PAGE gel. 1- Positive control, phytase-enriched 
fraction from transgenic rice leaves; 2- Phytase-enriched fraction from transgenic rice seeds, 15 times 
concentrated; 3- Wild type rice seed extract subjected to AS precipitation (70% w/v), 10 times concentrated; 4- 
Wild type rice seed crude extract; 5- P7708S (New England BioLabs). 
 
The phytase band was excised from the gel based on its position on the immunoblot, and its 
identity was confirmed by MS fingerprinting prior to more detailed analysis of the N-glycan 
structures. 
 
III.3. A. niger phytase expression in transgenic tobacco 
III.3.1. Selection of transgenic plants 
Recombinant phytase was expressed transiently in tobacco prior to the generation of 
transgenic stable tobacco plants (Nicotiana tabacum). After screening kanamycin-resistant 
stably-transformed plants for phytase expression by immunoblot, a total of 11 positive lines 
were selected and transferred to soil. All plants were fertile. Line 15 was selected for further 
analysis as described below. 
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III.3.2. Molecular characterisation of recombinant phytase in tobacco 
A. niger phytase was correctly expressed in transiently transformed tobacco leaves (Fig. III.9-
A, lane 3) as well as in stable transgenic plants (Fig. III.9-B, lanes 3 and 4). The tobacco-
derived phytase was directly comparable with the recombinant phytase expressed in 
transgenic rice leaves (Fig. III.9-A, lanes 2; Fig. III.9-B, lanes 1 and 2). It had a molecular 
mass of approximately 70 kDa, similar to the higher molecular weight (MW) band of the rice-
derived protein. Although two phytase bands could be distinguished in the tobacco leaf 
extract, the doublet was not as clearly separated as the two bands seen in the rice leaf extract.  
Total soluble proteins were also extracted from mature transgenic tobacco seeds and the 
extracts were loaded on a gel as shown in Figure III.10. The recombinant phytase from 
tobacco seeds appeared to migrate faster (equivalent to 60-70 kDa) than the phytase derived 
from leaves. No phytase was detected in the wild type tobacco leaf and seed extract. 
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Figure III.9: Immunoblot analysis of A. niger phytase expressed in transgenic tobacco 
and rice leaves. 
Total soluble proteins were extracted (II.2.6.1) from transiently transformed (II.2.5.2) and stably transformed 
(II.2.5.3) T0 tobacco leaves. Crude extracts were separated on a 12% (w/v) SDS-PAGE gel. Proteins were 
blotted onto a nitrocellulose membrane for immunodetection with the phytase antiserum (II.2.6.2, dilution 
1/10000). 
A- Transient expression of A. niger phytase in young tobacco leaves. 15 μl of sample were loaded. 1- P7708S 
(New England BioLabs); 2- Transgenic rice leaf crude extract; 3- Transiently transformed tobacco leaf crude 
extract. 
B- A. niger phytase expressed in leaves of T0 transgenic tobacco plants. 1- Transgenic T1 rice leaf crude extract, 
5 μl; 2- Transgenic T1 rice leaf crude extract, 10 μl. 3- Stable T0 transgenic tobacco leaf crude extract, 2 μl; 4- 
Stable T0 transgenic tobacco leaf crude extract, 5 μl; 5- P7708S (New England BioLabs). 
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Figure III.10: Immunoblot analysis of A. niger phytase expressed in transgenic tobacco 
seeds and leaves. 
15 μl of total soluble proteins extracted (II.2.6.1) from T transgenic tobacco seeds and leaves were separated on a 
12% (w/v) SDS-PAGE gel. Proteins were blotted onto a nitrocellulose membrane for immunodetection with the 
phytase antiserum (II.2.6.2, dilution 1/10000). Wild type tobacco seed and leaves protein extracts were used as a 
control. 
1- P7708S (new Englan BioLabs); 2- Transgenic tobacco leaf crude extract. 3- Wild type tobacco leaves crude 
extract; 4- Transgenic tobacco seed crude extract; 5- Wild type tobacco seeds crude extract. 
 
III.3.3. Phytase isolation from tobacco tissues 
III.3.3.1. Phytase enrichment from tobacco leaves by IMAC 
The protein extract from transgenic tobacco was passsed through Ni-NTA resin so the 
recombinant phytase could be isolated by IMAC and used for the analysis of N-glycan 
structures. Phytase was successfully enriched from transgenic tobacco leaves as shown on the 
SDS-PAGE gel in Figure III.11 (lane 5), and the protein migrated at the expected molecular 
mass (70 kDa). Because few contaminants were observed in the elution fraction, the band was 
excised from the SDS-PAGE gel and confirmed as phytase by mass spectrometry. Although 
the two phytase bands present in transgenic rice leaves could be excised independently, this 
was not possible with the doublet present in tobacco. 
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Figure III.11:  Coomassie stained SDS-PAGE gel showing the enrichment of A. niger 
phytase from transgenic tobacco leaves by IMAC. 
Total soluble proteins extracted from T0 transgenic tobacco leaves (II.2.6.1) were subjected to IMAC 
purification (II.2.6.3). Crude extract, flowthrough, washing and elution fractions were separated on a 12% (w/v) 
SDS-PAGE gel stained with Coomassie brilliant blue (II.2.6.2). 15 μl of sample were loaded. 
1- P7708S (New England BioLabs); 2- Crude extract; 3- Flowthrough; 4- Washing; 5- Elution fraction. 
 
III.3.3.2. Phytase isolation from tobacco seed by AS precipitation 
Ammonium sulphate precipitation (70% (w/v) saturation) was chosen to enrich phytase from 
mature tobacco seeds because the purification via IMAC was not satisfactory.  The same 
procedure was used as described above for rice seeds (III.1.4.3). After ammonium sulphate 
precipitation, the dialysed supernatant was loaded on a SDS-PAGE gel. Recombinant phytase 
migrated as two distinct bands, with molecular masses of 65 and 70 kDa (Fig. III.12, lane 2). 
It seemed that the 65-kDa band accounted for more than 50% of the total phytase-enriched 
fraction in seeds, yet was not detected by immunoblot of leaf extracts. In the corresponding 
wild type extract, very few contaminating proteins were detected > 45 kDa. Both phytase 
bands were excised and analysed separately to determine the N-glycosylation patterns. 
 
Results 
 56
83 kDa
62 kDa
48 kDa
175 kDa
1           2            3            4  
Figure III.12: Coomassie stained SDS-PAGE gel showing the enrichment of A. niger 
phytase from transgenic tobacco seeds by ammonium sulphate precipitation. 
Total soluble proteins extracted from T1 transgenic tobacco seeds (II.2.6.1) were subjected to AS precipitaion at 
70% (w/v) of saturation (II.2.6.3). After dialysis, the supernatant was analysed on a 12% (w/v) SDS-PAGE gel, 
Coomassie stained (II.2.6.2). Wild type tobacco seed extract subjected to identical treatment was used as a 
control. 
1- P7708S (New England BioLabs); 2- Phytase-enriched fraction from transgenic tobacco seed extract, 5 μl; 3- 
Wild type tobacco seed extract after AS precipitation (70% w/v), 10 μl; 4- Phytase-enriched fraction from 
transgenic tobacco leaf extract, 5μl. 
 
III.4. A. niger phytase expression in transgenic Medicago truncatula 
III.4.1. Generation and selection of transgenic plants 
M. truncatula leaves were transformed according to a protocol developed by Prof. Pedro 
Fevereiro (ITQB, Oeiras, Portugal). In brief, leaves were infiltrated with A. tumefaciens 
containing the construct LPL-PhyA-AH and selected on MS medium supplemented with 100 
mg/L kanamycin. As illustrated in Figure III.13, transgenic embryos were generated, isolated 
and regenerated. The resulting plantlets were proliferated under sterile conditions and some 
well-rooted plants were transferred to soil for seedling. Three positive lines expressing A. 
niger phytase were obtained. 
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Figure III.13: Transformation and regeneration of transgenic Medicago truncatula 
plants. 
Wild type leaves were cut with a scalpel previously impregnated with Agrobacterium suspension (II.2.5.5). 
Transgenic embryos were obtained from degenerated leaf tissue on embryo initiation medium (EIM) 
supplemented with 100 mg/l of kanamycin and 500 mg/l of Betabactyl.  Small embryos were then transferred 
onto MS medium with 100 mg/l of kanamycin. Transgenic plants were maintained in vitro sterile culture and 
micropagated in growth-regulator-free MSM (II.2.5.5) as decribed by Neves et al. (2001). Photos kindly 
provided by Dr. Abranches, ITQB, Oeiras, Portugal. 
 
III.4.2. Molecular characterisation of recombinant phytase in M. truncatula 
As shown in Figure III.14, A. niger phytase was successfully expressed in M. truncatula 
plants. Two distinct bands were identified – 65 kDa and 75 kDa – as previously detected in 
the transgenic rice leaf extract. The 65-kDa phytase appeared to be more abundant than the 
75-kDa form. In addition, we found that the crude protein extract from dry transgenic M. 
truncatula leaves consisted mainly of phytase. Figure III.15 (lane 2) shows that 15 µl of total 
protein extract from dry M. truncatula leaves was sufficient to reveal phytase at a high 
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concentration in a Coomassie-stained SDS-PAGE gel without any enrichment or 
concentration processes. 
 
 
 
Figure III.14: Immunoblot analysis of A. niger phytase expressed in transgenic M. 
truncatula leaves. 
Total soluble proteins extracted from T0 transgenic M. truncatula fresh leaves (II.2.6.1) were analysed on a 12% 
(w/v) SDS-PAGE gel. Proteins were blotted onto a nitrocellulose membrane for immunodetection (II2.6.2). To 
dispose of background generated by the phytase antibody on M. truncatula leaf protein extract, the antiserum 
was incubated at 4°C for 2 h with wild type M. truncatula leaf protein extract prior incubation with the blotted 
nitrocellulose membrane. Wild type protein extracts was used as a control. 
1- Crude extract from transgenic M. truncatula leaves, 1 µl; 2- Crude extract from transgenic M. truncatula 
leaves, 2 µl; 3- Crude extract from wild type M. truncatula leaves, 15µl; 4- P7708S (New England BioLabs); 5- 
Crude extract from transgenic rice leaves, 2 µl. 
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Figure III.15: Coomassie stained SDS-PAGE gel of crude extract from transgenic M. 
truncatula dry leaves. 
Total soluble proteins extracted from T0 transgenic M. truncatula dry leaves (II.2.6.1) were analysed on a 12% 
(w/v) SDS-PAGE gel, Coomassie stained (II.2.6.2). Wild type protein extracts from dry leaves was used as a 
control. 
1- P7708S (New England BioLabs); 2- Transgenic M. truncatula dry leaf crude extract, 5µl; 3- Phytase-
enriched fraction from transgenic tobacco leaf extract; 4 µl; 4- Wild type M. truncatula dry leaves crude extract, 
5 µl.  
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Recombinant A. niger phytase was also extracted from mature M. truncatula seeds. One of 
the characteristics of these seeds was that the protein extraction process led to the formation 
of a yellowish emulsion, probably due to the high content of lipids and pectins. As shown in 
Figures III.16 and III.18, the recombinant phytase produced in M. truncatula seeds migrated 
at two molecular masses (65 kDa and 75 kDa, arrow heads). 
 
 
Figure III.16: Immunoblot analysis of A. niger phytase expressed in transgenic M. 
truncatula mature seeds. 
Total soluble proteins extracted from T0 transgenic M. truncatula mature seeds (II.2.6.1) were analysed on a 
12% (w/v) SDS-PAGE gel (II.2.6.2). Proteins were blotted onto a nitrocellulose membrane for immunodetection 
(II2.6.2). As a comparison, transgenic rice seed crude extract was loaded. No wild type M. truncatula seeds were 
available for a negative control. 
1- Transgenic M. truncatula mature seeds crude extract, 15 µl; 2- Transgenic rice seeds crude extract, 15 µl; 3- 
P7708S (New England BioLabs). 
 
III.4.3. Phytase isolation from M. truncatula tissues 
III.4.3.1. Phytase isolation from M. truncatula leaves via AS precipitation 
Recombinant phytase was isolated from M. truncatula leaves using the same protocol 
described above for rice leaves. Ammonium sulphate precipitation (70% saturation) produced 
a protein fraction that consisted predominantly of recombinant phytase (Fig. III.17, lanes 2, 3, 
4 and 9). Only one contaminating protein with a Mr of 50-55 kDa could be detected in the 
wild type leaf extract after ammonium sulphate precipitation (Fig. III.17, lane 10). 
Nevertheless, this did not prevent the isolation of phytase from transgenic M. truncatula leaf 
extracts, since the contaminant band was easily separated from the phytase bands. Because of 
the high content of phytase, only 0.5, 1.5 and 3 µl of the enriched protein fraction needed to 
be loaded onto the SDS-PAGE gel (Fig. III.17, lanes 2-4). As detected on the immunoblot, the 
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recombinant phytase migrated clearly as two bands, as was the case for rice leaves and 
tobacco seeds. Moreover, the high content of recombinant phytase was visible in the crude 
transgenic plant extract (Fig. III.17, lane 6) whereas none was visible in the wild type extract 
(Fig. III.17, lane 5). 
 
 
Figure III.17: Coomassie stained SDS-PAGE gel showing the enrichment of A. niger 
phytase from transgenic M. truncatula leaves by ammonium sulphate precipitation. 
Total soluble proteins extracted from T0 transgenic M. truncatula leaves (II.2.6.1) were subjected to AS 
precipitaion at 70% (w/v) of saturation (II.2.6.3). After dialysis, the supernatant was analysed on a 12% (w/v) 
SDS-PAGE gel, Coomassie stained (II.2.6.2). Wild type tobacco seed extract subjected to identical treatment 
was used as a control. As an indication of the phytase yield, 2 and 5 µg of E. coli enterotoxin B5 subunit were 
loaded on the gel. 
1- P7708S (New England BioLabs); 2, 3, 4- Phytase-enriched fraction from transgenic M. truncatula fresh 
leaves: 3, 1,5 and 0,5 µl respectively; 5- Wild type M. truncatula fresh leaf crude extract; 6- Transgenic M. 
truncatula fresh leaf crude extract; 7- Escherichia coli enterotoxin B5 subunit 5 µg; 8- Escherichia coli 
enterotoxin B5 subunit 2 µg; 9- Phytase-enriched fraction from transgenic M. truncatula fresh leaves: 5 µl; 10- 
Wild type M. truncatula leaf extract after AS precipitation (70%). 
 
The two phytase bands derived from transgenic M. truncatula leaves were excised from the 
SDS-PAGE gel to complete the set of phytase bands obtained from transgenic rice and 
tobacco tissues. 
 
III.4.3.2. Phytase isolation from M. truncatula seeds by AS precipitation 
Unfortunately, the high viscosity of the protein extract from mature transgenic seeds 
prevented efficient enrichment by ammonium sulphate precipitation and many endogenous 
proteins were retained. Although the isolation of A. niger phytase from transgenic seeds was 
unsatisfactory, immunoblot analysis of the phytase-enriched fraction confirmed the presence 
of a doublet representing proteins of 65 and 75 kDa (Fig. III.18, lanes 2 and 3), which was 
comparable to the phytase derived from transgenic rice leaves (Fig. III.18, lane 1). 
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Figure III.18: Immunoblot analysis of A. niger phytase-enriched fraction from 
transgenic M. truncatula mature seeds. 
Total soluble proteins extracted from T0 transgenic M. truncatula mature seeds (II.2.6.1) were subjected to AS 
precipitaion at 70% (w/v) of saturation (II.2.6.3). After dialysis, the supernatant was analysed on a 12% (w/v) 
SDS-PAGE gel (II.2.6.2). Proteins were blotted onto a nitrocellulose membrane for immunodetection with the 
phytase antiserum (II.2.6.2, dilution 1/10000). 
1- Phytase-enriched fraction from transgenic rice leaves, 2 µl; 2, 3- Phytase-enriched fraction from transgenic M. 
truncatula seeds, 2 and 5 µl respectively; 4- P7708S (New England BioLabs). 
 
A. niger phytase derived from the seeds and leaves of transgenic rice and tobacco and from 
leaves of transgenic M. truncatula plants was isolated for the analysis of N-glycosylation 
patterns. Forms of phytase with different molecular masses were detected and analysed 
separately as we suspected N-glycosylation to be responsible for these differences. Because 
N-glycosylation is directly related to the subcellular localisation of a protein, excised bands 
containing isolated phytase were subjected to N-glycan determination in order to specify the 
origin of the recombinant phytase expressed in the different tissues and plant species studied. 
 
III.5. Phytase accumulation levels and activity in transgenic plants 
In addition to the determination of N-glycan srtuctures, phytase-enriched fractions were used 
to estimate the specific activity of phytase and the overall phytase content of the transgenic 
plants. Phytase levels in enriched extracts were estimated from the Coomassie-stained SDS-
PAGE gel. Samples from leaves and seeds were tested with an in vitro assay for specific 
phytase activity, which involved the release of inorganic phosphate from phytic acid. Since 
purification was not complete in seeds, it was difficult to estimate the phytase content 
accurately. 
Table III.1 summarises the estimated phytase yields and activities measured on T0 transgenic 
plant (M. truncatula) or T1 transgenic plants (tobacco and rice). The specific activity for 1 mg 
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of phytase was calculated using an enzymatic assay. The phytase-enriched fraction from all 
leaf extracts showed similar specific activities of approximately 170 FTU/mg phytase. The 
difference between phytase activities in the crude extracts and phytase-enriched fractions 
showed that up to 80% of the recombinant protein was lost in the extraction process. 
Comparatively, the estimated phytase content in M. truncatula leaves was 3.3 x the phytase 
content in tobacco leaves and 5.7 x that in rice leaves. The total yields were estimated at 2000 
µg/g, 600 µg/g and 350µg/g FW respectively for M. truncatula, tobacco and rice. 
 Plant sample 
Enriched 
phytase  
(μg/g FW) 
Specific 
Activity 
(FTU/mg phytase 
Activity of 
enriched phytase  
(FTU/g FW ) 
Activity of crude 
extract (FTU/g 
FW) 
Activity loss 
purification (%) 
Calculated 
phytase content 
(µg/g FW) 
%  phytase in total 
soluble proteins 
Rice leaves 70 172 12,04 60 (± 4) 80 350 0,6 % 
Tobacco leaves 120 167 20,04 100 (± 8.6) 80 600 4 % 
M. truncatula 
leaves 
400 171 68,4 300 (± 57) 77,2 2 000 12 % 
 
Plant sample 
Activity of crude extract 
(FTU/g FW) 
Rice seed (seed specific expression) 6,5 
Tobacco seed 56-59 
M. truncatula seed 81 
 
Table III.1: Estimated A. niger phytase activity and content in transgenic rice (T1), tobacco (T1) and M. truncatula (T0). 
All phytase-enriched fractions were generated by ammonium sulphate precipitation (70% (w/v) saturation, II.2.6.3). The phytase activity was determined according to Van 
Veldhoven and Mannaerts (1987; II.2.6.4). One transgenic line was considered for each plant species, experiments were based on three measurments. The total soluble proteins of 
leaf extracts were estimated by Bradford assay (II.2.6.4.3). Enriched phytase (μg/g FW) was estimated from SDS-PAGE gels stained with Coomassie brilliant blue. The phytase 
content was calculated based on the relative losses during the enrichment process. The relative losses (%) reflect the difference in activity between the crude extract and the 
enriched-phytase fractions. 1 unit of phytase (FTU) is defined as the quantity of enzyme that liberates 1 μmol of inorganic phosphate from phytic acid (1% w/v) at pH 6,5 and 
37°C. FW: fresh weight. 
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III.6. Determination of N-glycan srtuctures and deposition sites of recombinant phytase 
expressed in transgenic rice 
N-glycan analysis was kindly carried out by Prof. Altmann and colleagues from the 
University of Natural Resources and Applied Life Science, Vienna, Austria. Excised bands 
from Coomassie-stained SDS-PAGE gels corresponding to enriched phytase from rice leaves 
(III.2.3.2), rice seeds (III.2.3.3), tobacco leaves (III.3.3.1), tobacco seeds (III.3.3.2) and M. 
truncatula leaves (III.4.3.1) were subjected to tryptic digestion. The extracted and dried 
peptides were digested with PNGase A in order to release all N-glycans from the peptides and 
glycan masses were determined by MALDI-TOF mass spectrometry.  
 
III.6.1. N-glycans linked to A. niger phytase expressed in transgenic rice leaves 
The two phytase-enriched bands were individually excised from the SDS-PAGE gel and 
analysed separately in order to determine the glycan profile of each phytase form. The 75-kDa 
phytase band, which was the predominant band, produced one major peak corresponding to a 
complex N-glycan typical of secreted proteins, with a mass of 1618.5 Da (Fig. III.19-A). For 
the 65-kDa band, one glycan form was identified with a mass of 1212 Da corresponding to a 
vacuolar type complex N-glycan (Fig. III.19-B). 
 
III.6.2. N-glycans linked to A. niger phytase expressed in transgenic rice endosperm 
The band excised from the SDS-PAGE gel corresponding to phytase from rice endosperm 
tissue was subjected to the same analysis. Two varieties of peaks were identified indicating 
two distinct N-glycan families (Fig. III.20): high-mannose family typical of the cis-Golgi with 
4 to 7 mannose residues; and the vacuolar type complex N-glycan family harbouring a xylose 
and a fucose on the core with 2 or 3 mannose residues. It is important to note that no N-
glycans typical for extracellular secretion were detected. These data suggested that no 
recombinant phytase was present in the apoplast of rice endosperm tissue. Instead, the protein 
might be retained within vacuoles and Golgi structures. Hence, for further investigations, rice 
tissue samples were processed for electron microscopy. 
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Figure III.19: MALDI-TOF mass spectra of N-glycan pool from A. niger phytase 
expressed in transgenic rice leaves.  
A. niger phytase was enriched from transgenic rice leaf extract (III.2.3.2). Two independent excised phytase-
bands from Coomassie stained gel (III.2.3.2) were subjected to tryptic digestion prior to PNGase A digestion 
used to release N-glycans from the peptide backbone. Resulting N-glycans were determined by MALDI-TOF 
mass spectrometry (II.2.6.5). 
A- Analysis of the 75 kDa phytase band. The main peak corresponds to a complex N-glycan typical of secreted 
proteins. 
B- Analysis of the 65 kDa phytase band. The main peak corresponds to a vacuolar type complex N-glycan. 
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Figure III.20: MALDI-TOF mass spectrum of N-glycan pool from A. niger phytase 
expressed in transgenic rice endosperm. 
A. niger phytase was enriched from transgenic rice seed extract (III.2.3.3). One independent excised phytase-
bands from Coomassie stained gel (III.2.3.3) was subjected to tryptic digestion prior to PNGase A digestion used 
to release N-glycans from the peptide backbone. Resulting N-glycans were determined by MALDI-TOF mass 
spectrometry (II.2.6.5). 
Two glycan families can be distinguished: Vacuolar and cis-Golgi types. 
F, fucose; Gn, N-acetylglucosamine; M, mannose; X, xylose. 
 
III.6.3. Subcellular localisation of A. niger phytase in transgenic rice leaves 
To study the targeting of recombinant phytase in rice leaves, we investigated its subcellular 
localisation by electron microscopy. Figure III.21 illustrates ultrathin sections of rice leaves 
treated with phytase anti-serum. Predominant immunogold labelling was identified in the 
Vacuolar types 
(1049.7 Da; 1065.9 Da; 1212.2 Da) 
cis-Golgi types 
(1096.3 Da; 1258.2 Da; 1420.3 Da; 1577.5 Da) 
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extracellular space (Fig. III.21) indicating efficient secretion of the recombinant phytase to the 
apoplast. In addition, some clusters of gold particles were observed close to the plasma 
membrane, which is also suggestive of a secretion process (Fig. III.21, arrows). No significant 
gold labelling was observed in other cell compartments, although the presence of phytase in 
the vacuole could not be ruled out because dilution within this compartment would limit the 
strength of the signal. This result agrees with those of a previous study in which strong 
immunogold labeling was detected in apoplast cell corners of transgenic rice callus (Fig. 
III.22). Ultrathin sections of wild type rice leaves were free of gold labeling.  
 
III.6.4. Subcellular localisation of A. niger phytase in transgenic rice endosperm 
In order to compare leaf and endosperm tissues, ultrathin sections from immature rice seeds 
were analyzed by fluorescence and electron microscopy. Fluorescence microscopy provided a 
general view of the transgenic endosperm tissue and showed no trace of labelling in the 
apoplast, suggesting no secretion of the recombinant protein (Fig. III.23-A, arrow heads). 
Instead, the labelling was concentrated in spherical structures within the cells (Fig. III.23-A, 
arrows). In order to confirm this unexpected subcellular localisation, electron microscopy was 
carried out and the exact localisation of the recombinant protein was verified. Abundant gold 
labelling was concentrated in electro-dense glutelin bodies in protein storage vacuoles (PSVs) 
and in spherical ER-derived prolamin bodies (Fig. III.23-B, C, D). The recombinant phytase 
appeared to be equally distributed between these protein bodies. No further labelling could be 
detected in any other cell compartments including the apoplast. No difference in labelling was 
observed between seeds expressing phytase under the control of the constitutive promoter 
(Figure III.23-B) and those in which the seed specific promoter was used (Figures III.23-C, 
D). No labelling was detected in ultrathin sections of wild type rice endosperm. 
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Figure III.21: Immunolocalisation of A. niger phytase in transgenic rice leaves. 
Small squares of transgenic rice leaves were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyde in 0.1 
M phosphate buffer, pH 7.4 (II.2.7.1). After specimen infiltration and polymerisation in LR White Resin, 
ultrathin sections of 100-nm were obtained and subjected to immunogold labeling. After incubation with the 
phytase antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold particles as a secondary 
antibody (II.2.7.2). 
Gold labeling was observed in the cell wall (cw) and in the apoplast (a) indication secretion of the recombinant 
protein. No significant gold labelling could be observed in the vacuole or in the cytoplasm. Chl, chloroplast. 
Bars, 0.3 μm. 
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Figure III.22: Immunolocalisation of A. niger phytase in transgenic rice callus. 
Small pieces of transgenic rice callus were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyde in 0.1 M 
phosphate buffer, pH 7.4 (II.2.7.1). After specimen infiltration and polymerisation in LR White Resin, ultrathin 
sections of 100-nm were obtained and subjected to immunogold labeling. After incubation with the phytase 
antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold particles as a secondary antibody 
(II.2.7.2). 
A, B- Gold labelling was observed in the apoplast (a) indicating secretion of the recombinant protein. No 
significant gold labelling could be observed in the vacuole or in the cytoplasm. cw, cell wall; v, vacuole. Bars, 
0.5 μm. Electron micrograph B) kindly provided by Dr. Drakakaki. 
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Figure III.23: Immunolocalisation of A. niger phytase in transgenic rice endosperm. 
Small squares of transgenic rice endosperm were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyde in 
0.1 M phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in LR White Resin. For 
electron microscopy, ultrathin sections of 100-nm were obtained and subjected to immunogold labeling. After 
incubation with the phytase antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold 
particles as a secondary antibody (II.2.7.2). For light microscopy, sections of 1 μm were obtained and subjected 
to immunolabeling. After incubation with the phytase antiserum, sections were subjected to goat anti-rabbit 
Alexa Fluor® 594 was used as a secondary antibody (II.2.7.3). 
A- Fluorescence micrograph of transgenic rice seed expressing A. niger phytase under the 35SS promoter. The 
arrows indicate the recombinant protein retained within the cell.  No labelling was detected in the apoplast 
(arrow heads). Bar, 50 μm; B, C, D- Electron micrograph, ultrathin sections of transgenic rice expressing A. 
niger phytase under the 35SS promoter (B) and the seed-specific Gt1 promoter (C and D). In both transgenic 
plants, gold labelling was observed in ER-derived prolamin bodies (PrB) and glutelin bodies in the protein 
storage vacuoles (PSV). No secretion could be detected in the apoplast (a). cw, cell wall; ER, endoplasmic 
reticulum; m, mitochondria. Bars, 0.5 μm. 
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III.7. Determination of N-glycan structures and deposition sites of recombinant phytase 
expressed in transgenic tobacco 
III.7.1. N-glycans linked to A. niger phytase expressed in transgenic tobacco leaves 
The phytase band from transgenic tobacco plants was analysed as above to determine the N-
glycan structures. This analysis revealed a heterogeneous population of N-glycans (Fig. 
III.24-A) with major peaks corresponding to complex N-glycans typical of secreted proteins 
(with masses of 1618 Da and 1472 Da), high-mannose N-glycans typical of ER-retained 
proteins (Man9 and Man8) and high-mannose N-glycans typical of Golgi-resident proteins 
(Man7 and Man6). Although secretion-type N-glycans were abundant, significant quantities of 
high-mannose residues were observed. However, these may represent proteins en route to 
secretion. Another spectrum was prepared from phytase isolated from transiently transformed 
tobacco leaves. This profile was clearer, with a single major peak corresponding to a complex 
N-glycan typical of secreted proteins (Fig. III.24-B). 
 
III.7.2. N-glycans linked to A. niger phytase expressed in transgenic tobacco seeds 
The two phytase bands from tobacco seeds were analysed independently and the N-glycan 
profiles are presented in Figure III.25. The 75-kDa phytase band corresponded predominantly 
to a secretion type N-glycan with a mass of 1618.6 Da (Fig. III.25-A), as previously found in 
transgenic tobacco and rice leaves. In addition, there was a second peak corresponding to a 
high-mannose N-glycan (1258.1 Da, Man5) typical of cis-Golgi proteins. In contrast, the 65-
kDa phytase band also contained the cis-Golgi N-glycan (1258.1 Da) as well as a vacuolar-
type complex N-glycan (1212.1 Da). Since it was impossible to separate the endosperm and 
embryo tissues, we could not establish the tissue origin for each of the N-glycan patterns 
detected. Therefore, microscopy was carried out in order to clarify the subcellular localisation 
of the two phytase forms obtained in transgenic tobacco seeds. 
 
 
Results 
 72
 
 
Figure III.24: MALDI-TOF mass spectra of N-glycan pool from A. niger phytase 
expressed in transgenic tobacco leaves.  
A. niger phytase was enriched from transgenic tobacco leaf extract (III.3.3.1). One independent excised phytase-
bands from Coomassie stained gel (III.3.3.1) was subjected to tryptic digestion prior to PNGase A digestion used 
to release N-glycans from the peptide backbone. Resulting N-glycans were determined by MALDI-TOF mass 
spectrometry (II.2.6.5). 
A- N-glycans attached to phytase isolated from leaves of stable transgenic tobacco plants. Two population of N-
glycans were detected: sectretion types and high-mannose residues (typical of proteins located in the ER and the 
Golgi apparatus). 
B- N-glycans attached to phytase transiently expressed in tobacco leaves. The main peak corresponds to the 
typical secretion type N-glycan at 1618.6 Da. 
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Figure III.25: MALDI-TOF mass spectra of N-glycan pool from A. niger phytase 
expressed in transgenic tobacco seeds. 
A. niger phytase was enriched from transgenic tobacco seed extract (III.3.3.2). Two independent excised 
phytase-bands from Coomassie stained gel (III.3.3.2) were subjected to tryptic digestion prior to PNGase A 
digestion used to release N-glycans from the peptide backbone. Resulting N-glycans were determined by 
MALDI-TOF mass spectrometry (II.2.6.5). 
A- Analysis of the phytase 75 kDa band. The main peak corresponds to a complex N-glycan typical of secreted 
proteins. A second peak referring to a cis-Golgi type N-glycan (Man5) at 1258.1 Da was considered as 
significant. 
B- Analysis of the phytase 65 kDa band. The main peak corresponds to vacuolar type complex N-glycans. The 
second peak corresponds to a N-glycan type found in the cis-Golgi (Man5). 
F, fucose; Gn, N-acetylglucosamine; M, mannose; X, xylose. 
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III.7.3. Subcellular localisation of A. niger phytase in transgenic tobacco leaves 
The subcellular localisation of A. niger phytase was first analysed by fluorescence 
microscopy. Figure III.26-A shows cross sections of palisade parenchyma cells exposed to 
phytase anti-serum.  The apoplast was beautifully labelled indicating that the recombinant 
protein was secreted to the apoplast. The labelling appeared to be concentrated in the apoplast 
corners. No detectable signal was observed inside the cells. Similar observations were made 
by electron microscopy. Electron micrographs of ultrathin transgenic leaf tissue sections 
showed gold particles accumulating in the apoplast (Fig. III.26-B). A small amount of 
labelling was detected on membranous structures within the cells, perhaps indicating proteins 
en route to secretion. No signal was detected in the vacuole or in any other compartment. 
Wild type sections were also free of labelling. 
 
III.7.4. Subcellular localisation of A. niger phytase in transgenic tobacco seeds 
Endosperm and embryo tissues from mature seeds were analysed separately by electron 
microscopy. Tobacco endosperm tissue is composed mainly of translucent oil bodies 
interspersed with protein storage vacuoles which appear as dark crystalloids within a dense 
matrix. In order to reduce background, phytase antiserum was pre-absorbed with wild type 
tobacco seed extract. In transgenic tobacco endosperm, gold particles were found 
predominantly within protein storage vacuoles (PSVs) in dark crystalloid structures as well as 
within the matrix (Fig. III.27). In addition, some labelling could be detected in the apoplast. 
No labelling was observed in oil bodies or other cell compartments. In the embryo, the 
recombinant phytase was distributed in a different manner. Although some gold particles 
were observed in the crystalloids and matrix of protein storage vacuoles (as for the 
endosperm) the strongest labelling was found in the apoplast (Fig. III.28). No labelling was 
found in the apoplast of wild type tobacco seed sections, although a few gold particles were 
detected in protein storage vacuoles. However, based on our observations, this background 
labelling did not contradict the fact that A. niger phytase was mainly retained within PSVs in 
tobacco endosperm, a conclusion also supported by the N-glycan data described above. 
Together, these observations suggested that secretion was more efficient in the embryo than in 
the endosperm. 
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Figure III.26: Immunolocalisation of A. niger phytase in transgenic tobacco leaves. 
Small squares of transgenic tobacco leaves were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyde in 
0.1 M phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in LR White Resin. For 
electron microscopy, ultrathin sections of 100-nm were obtained and subjected to immunogold labeling. After 
incubation with the phytase antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold 
particles as a secondary antibody (II.2.7.2). For light microscopy, sections of 1 μm were obtained and subjected 
to immunolabeling. After incubation with the phytase antiserum, sections were subjected to goat anti-rabbit 
Alexa Fluor® 594 was used as a secondary antibody (II.2.7.3). 
A- Fluorescence micrograph of the parenchyma tissue. Cross section probed with phytase antiserum shows the 
localisation of the recombinant protein in the extracellular space in cell corners (arrows). Bar, 50 μm. 
B- Electron micrograph of transgenic tobacco paremchyma cells. Gold labelling is concentrated in the apoplast 
(a). Chl, chloroplast; cw, cell wall. Bar, 0.5 μm. 
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Figure III.27: Immunolocalisation of A. niger phytase in transgenic tobacco embryo. 
Transgenic tobacco embryos were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyde in 0.1 M 
phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in LR White Resin. Ultrathin 
sections of 100-nm were obtained and subjected to immunogold labeling. After incubation with the phytase 
antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold particles as a secondary antibody 
(II.2.7.2). 
Strong labelling was observed in the apoplast (a, A) of transgenic embryo tissue indicating efficient secretion of 
the recombinant protein. Little labelling could be detected in protein storage vacuoles (PSV, B). No significant 
labelling was found in lipid bodies (lb) or within the cytoplasm. Cw, cell wall. Bar, 0.3 μm. 
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Figure III.28: Immunolocalisation of A. niger phytase in transgenic tobacco endosperm. 
Transgenic tobacco endosperm was fixed in 4% (w/v) formaldehyde, 0.2% (w/v) glutaraldehyde in 0.1 M 
phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in LR White Resin. Ultrathin 
sections of 100-nm were obtained and subjected to immunogold labeling. After incubation with the phytase 
antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold particles as a secondary antibody 
(II.2.7.2).  
Strong gold labelling was observed in the PSVs of trangenic tobacco endosperm (A, B). In addition, gold 
particles could be found in the apoplast (a) of transgenic endosperm. Cw, cell wall. Bar, 0.5 μm. 
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III.8. Determination of N-glycan structures and deposition sites of recombinant phytase 
expressed in transgenic M. truncatula 
III.8.1. N-glycans linked to A. niger phytase expressed in transgenic M. truncatula 
leaves 
Two phytase bands from transgenic M. truncatula leaf extract were excised from the SDS-
PAGE gel and were analysed separately for the determination of N-glycan srtuctures. The 65-
kDa band corresponded to two complex N-glycans typical of vacuolar proteins, with 
molecular masses of 1066.3 and 1212 Da (Fig. III.29-B) as seen in transgenic rice leaves. 
However, in contrast to the results obtained from transgenic rice and tobacco, the 75-kDa 
phytase represented a collection of secretion type N-glycans with variable Lewisa structures 
(ranging from 1724.4 to 2234.9 Da) containing additional galactose and fucose residues at the 
two extremities of the glycan core (Fig. III.29-A). Furthermore, the secretion type N-glycan 
seen most predominantly in the rice and tobacco extracts (1618-1619 Da) was virtually absent 
from phytase derived from M. truncatula leaf cells. 
In parallel, we investigated the structure of N-glycans on the recombinant protein isolated 
from dry transgenic M. truncatula leaves. Vacuolar-type complex N-glycans were detecetd, 
identical to those seen in the 65 kDa phytase from fresh leaves (Fig. III.30). However, no 
secretion-type complex N-glycans were found. 
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Figure III.29: MALDI-TOF mass spectra of N-glycan pool from A. niger phytase 
expressed in transgenic M. truncatula leaves. 
A. niger phytase was enriched from transgenic M. truncatula leaf extract (III.4.3.1). Two independent excised 
phytase-bands from Coomassie stained gel (III.4.3.1) were subjected to tryptic digestion prior to PNGase A 
digestion used to release N-glycans from the peptide backbone. Resulting N-glycans were determined by 
MALDI-TOF mass spectrometry (II.2.6.5). 
A- Analysis of the 75 kDa phytase band. The two predominant peaks correspond to Lewisa complex N-glycans 
typical of secreted proteins. 
B- Analysis of the 65 kDa phytase band. The two peaks observed correspond to vacuolar type complex N-
glycans. 
F, fucose; Gal, galactose; Gn, N-acetylglucosamine; M, mannose; X, xylose. 
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Figure III.30: MALDI-TOF mass spectra of N-glycan pool from A. niger phytase from 
transgenic M. truncatula dry leaves.  
Analysis of the phytase band obtained from transgenic dry leaves. The two main peaks correspond to vacuolar 
type complex N-glycans (with or without the fucose residue). 
F, fucose; Gn, N-acetylglucosamine; M, mannose; X, xylose. 
 
III.8.2. Subcellular localisation of A. niger phytase in transgenic M. truncatula leaves 
Electron microscopy was used to determine the subcellular localisation of the recombinant 
protein in leaves. As previously observed in rice and tobacco leaves, A. niger phytase was 
correctly secreted to the cell exterior as illustrated by the abundant gold labelling found in the 
apoplast (Fig. III.31-A). Nevertheless, some gold particles were also detected inside the 
vacuole in small clusters (Fig. III.31-B, arrows). This observation confirmed the presence of 
phytase with vacuolar-type complex N-glycans in M. truncatula leaves. No significant 
labelling was detected on wild type leaf sections. 
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Figure III.31: Immunolocalisation of A. niger phytase in transgenic M. truncatula leaves. 
Small squares of transgenic M. truncatula fresh leaves were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) 
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in LR 
White Resin. Ultrathin sections of 100-nm were obtained and subjected to immunogold labeling. After 
incubation with the phytase antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold 
particles as a secondary antibody (II.2.7.2). 
A- Abundant gold labelling was observed in the apoplast (a), mainly in cell corners. B- Few gold particle 
clusters could be detected in the vacuole (v, arrows). No significant labelling could be found in other cell 
compartments such as the cytoplasm (cy) or the chloroplast (chl). cw, cell wall. Bars, 0.5 μm. 
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III.8.3. Subcellular localisation of A. niger phytase in transgenic M. truncatula seeds 
The subcellular localisation of A. niger phytase in M. truncatula seeds was investigated by 
fluorescence microscopy. Ultrathin sections of transgenic cotyledon derived from immature 
seeds were exposed to the phytase antiserum. The apoplast of cotyledon cells was strongly 
labelled, showing that the recombinant phytase was efficiently secreted (Fig. III.32). 
Labelling was absent from all other cellular compartments, and no labelling was observed on 
sections of wild type M. truncatula immature seeds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure III.32: Immunolocalisation of A. niger phytase in transgenic M. truncatula 
immature seeds. 
Small squares of transgenic M. truncatula immature seeds were fixed in 4% (w/v) formaldehyde, 0.2% (w/v) 
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in LR 
White Resin. Sections of 1-μm were obtained and subjected to immunolabeling. After incubation with the 
phytase antiserum, sections were subjected to goat anti-rabbit Alexa Fluor® 594 as a secondary antibody 
(II.2.7.2). 
Strong labelling was observed in the apoplast suggesting efficient secretion of the recombinant protein. No 
signal was detected within the cells. Bar, 50 μm. 
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III.9. Phytase expression in transgenic tobacco expressing zeolin bodies 
III.9.1. Molecular characterisation 
Tobacco plants expressing the LPL-PhyA-AH construct (donor) were crossed with transgenic 
tobacco plants expressing zeolin bodies (kindly provided by Prof. Vitale, Milano, Italy). 
Zeolin is a fusion between the full-length bean seed storage protein phaseolin and the last 89 
amino acids of maize prolamin γ-zein (Mainieri et al., 2004). Zeolin has been shown to form 
protein bodies similar to the ER-dervived prolamin bodies observed in rice and maize 
endosperm. The aim of crossing phytase expressing tobacco with this transgenic tobacco line 
was to determine the localisation of the recombinant phytase in tobacco leaves co-expressing 
zeolin and compare the deposition pattern to tobacco plants expressing LPL-PhyA-AH alone. 
Figure III.33 shows the expression of A. niger phytase and zeolin in four tobacco plants 
produced from the above mentioned cross. All four plants expressed recombinant phytase and 
two of them also expressed zeolin (detected with a rabbit polyclonal anti-phaseolin antibody). 
The line PhyZeo 1 (Fig. III.33, lane 1), expressing both recombinant proteins, was used for 
the subcellular localisation study. 
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Figure III.33: Screening of transgenic tobacco lines by immunoblot for the expression of 
A. niger phytase and zeolin. 
15 μl of total soluble proteins extracted from four T0 transgenic tobacco leaves resulting from the crossing 
described in II.2.5.4 were analysed on a 12% (w/v) SDS-PAGE gel (II.2.6.2) and subjected to phytase and 
phaseolin antisera (II.1.4). Antisera against phytase (A) and phaseolin (B) were used to detect phytase and 
zeolin. Protein marker, P7708S (lane 5, New England BioLabs). 
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III.9.2. Subcellular localisation of A. niger phytase in transgenic tobacco leaves, line 
PhyZeo 1 
In order to determine whether the A. niger phytase was retained in ER-derived zeolin bodies, 
ultrathin section of transgenic tobacco leaves from line PhyZeo 1 were analysed by electron 
microscopy. Although zeolin bodies were visible in the transgenic tobacco leaves using 
fluorescence microscopy, none of them could be identified by electron microscopy on the 
ultrathin sections we analysed. As shown in Figure III.34, some gold particles were found in 
the apoplast. However, ER structures showed unusually strong labelling, indicating that the 
recombinant phytase was retained within the ER lumen to a certain extent. Since this was 
distinct from the localisation seen in tobacco leaves expressing phytase alone, this observation 
revealed an evident disturbance in the deposition of phytase in leaf cells co-expressing zeolin. 
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Figure III.34: Immunolocalisation of A. niger phytase in transgenic tobacco leaves co-
expressing zeolin (line PhyZeo 1). 
Small squares of transgenic tobacco leaves from line PhyZeo 1 were fixed in 4% (w/v) formaldehyde, 0.2% 
(w/v) glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (II.2.7.1). Specimen were infiltrated and polymerised in 
LR White Resin. Ultrathin sections of 100-nm were obtained and subjected to immunogold labeling. After 
incubation with the phytase antiserum, sections were subjected to goat anti-rabbit conjugated to 10-nm gold 
particles as a secondary antibody (II.2.7.2). 
Gold particles were mainly decorating endoplasmic reticulum (er) structures (arrows). Little labelling was found 
in the cell wall (cw, arrow heads) indicating some secretion of the recombinant protein. No labelling was 
observed within the cytoplasm or in mitochondria (m). Bar, 0.3 μm. 
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The subcellular fate of A. niger phytase expressed in plant 
is tissue- and species-specific 
 
 
 
Table III.2: Summary and conclusion of the essential findings. 
 
Protein 
characterisation 
Rice 
Tobacco 
M. truncatula 
  Leaves 
Seeds 
Leaves 
Leaves 
Seeds 
Seeds 
A. Niger phytase at  
2 Mr: 65 kDa – 75 kDa 
A. Niger phytase at 
1 Mr: ~60 kDa 
A. Niger phytase at 
2 Mr: ~70 kDa 
A. Niger phytase at  
2 Mr: 60 kDa – 70 kDa 
A. Niger phytase at  
2 Mr: 65 kDa – 75 kDa 
A. Niger phytase at  
2 Mr: 65 kDa – 75 kDa 
(mature seeds) 
N-glycosylation 
patterns 
Mainly secretion type 
Some vacuolar type 
Vacuolar type 
Some cis-Golgi type 
Secretion type 
Secretion type 
and vacuolar type 
Secretion type 
Some vacuolar type 
/ 
Subcellular 
localisation 
Apoplast 
Apoplast 
Apoplast, 
PSVs 
Apoplast 
vacuoles 
Apoplast 
(immature seeds) 
PSVs,  
prolamin bodies 
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IV. DISCUSSION 
 
Protein trafficking and deposition in plant cells has been studied extensively over the past 20 
years. Some of the most important discoveries include the identification of targeting peptides 
which cause recombinant proteins to be retained in or retrieved to specific cell compartments 
such as the endoplasmic reticulum or the vacuole (Vitale and Raikhel, 1999; Hadlington and 
Denecke, 2000). Another major breakthrough was the discovery that protein secretion occurs 
through a default pathway in which the apoplast is the default storage compartment for 
proteins entering the endomembrane system (Denecke et al., 1990). Nevertheless, those 
studies were mainly based on protoplasts (Denecke et al., 1990, De Loose et al., 1991) and 
did not consider storage tissues such as the cereal endosperm. Recently, several isolated 
observations have suggested that recombinant proteins are targeted in a unique and 
unexpected manner in seeds (Philip et al., 2001; Wright et al., 2001; Chikwamba et al., 2003; 
Yang et al., 2003). Therefore, further information concerning the fate of recombinant proteins 
expressed in seeds and other plant organs needs to be gathered (Hood et al., 2004). 
For these reasons, the present thesis describes a comprehensive study of the subcellular 
deposition of a selected recombinant protein (Aspergillus niger phytase) in seeds and leaves 
of three model plants: rice, tobacco and Medicago truncatula. Rice, a monocotyledonous 
plant, is one of the most widely studied cereals, and is considered the model of cereal 
genomics. As is typical for the Gramineae, it has a highly specialised storage endosperm 
tissue that occupies the major part of the seed. Tobacco belongs to the endospermic 
dicotyledonous plant group. In contrast to rice, the endosperm tissue is reduced to three or 
four cell layers. Tobacco is a useful model plant because it is easy to manipulate and 
transform, and a rich literature is available covering several aspects of its physiology. Finally, 
M. truncatula is a good example of a non-endospermic dicotyledonous plant. M. truncatula is 
nowadays a model for the legume family and it is currently the subject of extensive genomic 
and proteomic initiatives (Cook, 1999; Bell et al., 2001; Gallardo et al., 2003; 
www.medicago.org). The two cotyledons and the radicle occupy most of the seed, whereas 
the endosperm cells are almost fully consumed when the seed reaches the mature stage. The 
seed physiology of each of the three plants used in this report is unique, and this provides a 
useful basis for comparative research concerning recombinant protein deposition in seeds. 
We compared the subcellular localisation of a single reporter protein (A. niger phytase) in the 
seeds and leaves of rice, tobacco and M. truncatula. Using glycosylation analysis and 
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microscopy, we showed for the first time that the deposition of a recombinant protein is tissue 
specific. Indeed, A. niger phytase was efficiently secreted as expected in leaves and embryo 
tissue while it was exclusively retained in the protein storage organelles of rice endosperm 
cells and mostly retained in these structures in tobacco endosperm. The identification of 
different forms of phytase, the trafficking of these forms in different tissues and the resulting 
influence on N-glycan structures is discussed. 
 
Several active forms of A. niger phytase were produced in transgenic plants 
Plants were transformed with the Aspergillus niger phytase A gene (phyA). We regarded this 
protein suitable for the study because it is secreted and highly glycosylated. Moreover, as 
stated in the introduction, this protein has already been expressed successfully in many plants. 
In this report, we used the same gene sequence fused to the murine immunoglobulin κ light 
chain leader peptide (LPL) for the generation of all transgenic plants. Phytase expression was 
driven by the constitutive enhanced CaMV 35S promoter, which has been widely used for 
transgene expression in dicotyledonous plants such as tobacco and M. truncatula. However, 
this promoter achieves only low expression levels in seeds of monocotyledonous plants, 
(Stoger et al., 2002) and only a very weak signal was detected by immunoblot analysis of 
crude rice seed extracts when this promoter was used. Therefore, for experiments with rice 
seeds, recombinant phytase was also expressed using the endosperm-specific rice glutelin-1 
(Gt-1) promoter (Zheng et al., 1993). Higher expression levels were achieved with this 
promoter, and in addition the use of an endosperm-specific promoter enabled us to isolate A. 
niger phytase from the endosperm with no contamination from surrounding tissues such as 
the aleurone and the embryo. 
It is well established that a leader peptide is both required and sufficient for the entry of 
nascent polypeptides into the endomembrane system (Walter and Lingappa, 1986). In the 
present study, the murine LPL leader peptide was added to the N-terminus of the phytase 
protein, allowing co-translational translocation into the ER lumen, as has been shown for 
numerous other recombinant proteins (Voss et al., 1995; Torres et al., 1999; Drakakaki et al., 
2000). The entry of recombinant phytase into the endomembrane system was in agreement 
with the immunoblot analysis, since all phytase bands had an apparent molecular mass greater 
than 50 kDa, the calculated mass of aglycosylated phytase (Van Hartingsveldt et al., 1993, 
Wiss et al., 1999). In rice and M. truncatula leaves, two bands could be detected at 65 and 75 
kDa indicating heterogeneous post-translational modification in these tissues. Ullah et al. 
(2002, 2003) reported a similar doublet when A. niger phytase was expressed in alfalfa and 
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potato leaves. In contrast, the A. niger phytase expressed in tobacco leaves migrated as a 
single 70-kDa band. These findings are consistent with observations reported in the literature 
for A. niger phytase expressed in other leaf tissues (Vervoerd et al., 1995; Brinch-Pedersen et 
al., 2000; Lucca et al., 2001; Richardson et al., 2001).   
As for rice and M. truncatula leaf extracts, a phytase doublet (65 and 75 kDa) was also 
detected in tobacco and M. truncatula mature seeds. However, in rice endosperm, two very 
closely spaced bands were detected corresponding to a lower molecular mass (between 55 and 
65 kDa) than the phytase forms found in rice leaves. This molecular mass was still greater 
than that of aglycosylated phytase. Although these different phytase forms can probably be 
attributed to different glycan structures, we also considered the possibility that the 
recombinant protein might be truncated. To address this question, purified phytase from rice 
leaves and seeds was subjected to a fingerprint analysis by mass spectrometry. The results 
demonstrated that the first and the second last peptides were present on the mature protein. 
The last peptide (2264 Da) containing the His6-tag, could not be detected for technical 
reasons. However, even if this peptide was missing, this would not account for the observed 
difference in molecular mass. 
Despite the detected differences in molecular mass and glycosylation, the activity of the 
enzyme was not affected. It is important to note that N-glycosylation plays an important role 
in phytase activity. Indeed, fungal phytase expressed in E. coli showed almost no activity 
because of the lack of glycosylation (Phillippy and Mullaney, 1997) whereas the different N-
glycan structures attached to the enzyme when it was expressed in A. niger, H. polymorpha 
and S. cerevisiae had no significant effect on the specific activity of the enzyme (Wyss et al., 
1999). In accordance with these data, the seeds and leaves from all the plants we investigated 
produced active, glycosylated phytase. The same specific activity was observed in rice, 
tobacco and M. truncatula leaves (~ 170 FTU/mg phytase), which was comparable to specific 
activities of A. niger phytase expressed in tobacco leaves (197 FTU/mg; Ullah et al., 1999), 
M. sativa leaves (226 FTU/mg; Ullah et al., 2002) and potato leaves (178 FTU/mg; Ullah et 
al., 2003).  
The overall activity was proportional to the phytase expression levels observed in the tissues 
of the different plants, suggesting that the plant species did not influence phytase activity. We 
found activities similar to those previously reported in the literature (Ullah et al., 1999; 2003) 
with the exception of M. sativa (alfalfa) in which an activity of 23 400 FTU/kg FW was 
achieved by Ullah et al. (2002), while we report an activity of 300 000 FTU/kg of FW in M. 
truncatula. The difference in recombinant phytase activity between M. truncatula and M. 
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sativa may be attributed to the host species, the use of the enhanced CaMV 35SS promoter or 
the selection of a better-expressing line in our study. 
 
A. niger phytase expressed in leaves contains a heterogeneous N-glycan population 
It is reasonable to assume that the two main forms of phytase detected by immunoblot 
analysis reflect the presence of two different glycosylation patterns. Since phytase contains 10 
potential N-glycosylation sites, heterogeneous glycosylation patterns could result in 
significant variations in the molecular mass. To confirm this assumption, the glycans from the 
different MW-classes of phytase were analysed separately by MALDI-TOF mass 
spectrometry. The recombinant phytase was isolated either by immobilized metal affinity 
chromatography or ammonium sulphate precipitation. The latter method was used mainly 
with seed extracts since seed storage proteins tended to block the Ni-NTA resin, therefore 
leading to inefficient purification of the phytase. For leaf samples from rice and M. 
truncatula, MALDI-TOF analysis showed that the two bands coresponded to two distinct 
glycoforms of phytase. In rice, the 65-kDa band represented phytase containing vacuolar-type 
complex N-glycans (Man3(Xyl)(Fuc)GlcNAc2), while the 75 kDa band represented phytase 
bearing complex N-glycans with terminal GlcNAc residues typical of secreted proteins 
(GlcNAc2Man3(Xyl)(Fuc)GlcNAc2). In the M. truncatula leaf samples, the 65-kDa band 
revealed a similar N-glycan structure to that found in rice leaves (Man3(Xyl)(Fuc)GlcNAc2). 
Interestingly, the 75-kDa band corresponded almost exclusively to secretion type N-glycans 
harbouring the Lewisa epitope with the addition of β(1,3)-linked galactose and α(1,4)-linked 
fucose residues at the two extremities of the core. The Lewisa epitope is considered as a 
strong potential immunogen since it is a determinant of human histo-blood groups (Henry et 
al., 1995) and is also involved in cell-cell recognition (Feizi et al., 1993). Lewisa structures 
have already been found across the whole plant kingdom including cereals (Bardor et al., 
2003a) and tobacco (Fitchette et al., 1999) but with the exception of the Cruciferae family, 
which includes Arabidopsis (Fitchette et al., 1997, 1999; Wilson et al., 2001). Among the 
tobacco samples analysed in this study, only one of these Lewisa structures was detected (in 
seed) but this was a minor component. However, this glycan type represented the major part 
of the glycan structures present on phytase from our M. truncatula samples. In contrast to our 
results, no Lewisa-containing N-glycans were detected on the C5-1 antibody expressed in M. 
sativa, a close relative of M. truncatula (Bardor et al., 2003b). 
As estimated by SDS-PAGE, the 75-kDa phytase appeared to be predominant in rice, while 
both, vacuolar and secreted glycan forms were present in roughly equal amounts in M. 
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truncatula. Such N-glycan heterogeneity is not unusual for plant-derived glycoproteins and 
has been reported previously (Cabanes-Macheteau et al., 1999; Bakker et al., 2001; Samyn-
Petit et al., 2003; Gomord et al., 2004). On the other hand, Bardor et al. (2003b) claimed that 
M. sativa was able to produce the monoclonal antibody C5-1 with homogeneous biantennary 
complex N-glycans containing terminal GlcNAc residues 
(GlcNAc2Man3(Xyl)(Fuc)GlcNAc2). Since our data do not support the claim that Medicago 
ssp. produce more homogenous N-glycans than other plant systems, we suggest either that the 
ability to produce homogenous N-glycans is sub-species specific or that intrinsic properties of 
the C5-1 antibody were responsible for its excellent secretion efficiency. We cannot exclude 
the possibility that the developmental stage may also influence the heterogeneity of the N-
glycan population as already reported in transgenic tobacco expressing the mouse IgG 
MGR48 (Elbers et al., 2001). This study revealed that antibodies extracted from young leaves 
tend to possess more high-mannose residues compared with antibodies derived from older 
leaves. Moreover, it appeared that the proportion of complex N-glycans lacking terminal 
GlcNAc increased with leaf age. This would be consistent with our observation that only 
phytase bearing such complex N-glycans remained in dry M. truncatula leaves, probably 
indicating that the secretion-type fraction was degraded over time. Elbers et al. concluded that 
N-glycan profiles can vary according to the developmental stage of the plant. Our results 
agree with this conclusion. In tobacco leaf samples (which were from young leaves), the N-
glycans attached to phytase were mainly secretion-type and high-mannose residues (Man6 to 
Man9) but no significant vacuolar-types or Lewisa structures were detected. The prevalence of 
high-mannose residues might reflect the intense protein biosynthesis occurring in young 
tobacco leaves. 
It has been established that N-glycan maturation is specific to the cell compartments through 
which a glycoprotein is sorted (Lerouge et al., 1998), thus we hypothesized that the 
differences we observed in phytase glycosylation might reflect the distinct subcellular 
localization of the enzyme in each species and tissue. 
Electron microscopy provided more details on the subcellular localisation of recombinant 
phytase in transgenic leaf tissue. Secretion of the recombinant protein was observed in rice, 
tobacco and M. truncatula leaves, consistent with earlier reports in tobacco leaves by 
Verwoerd and co-workers (1995). Interestingly, immunogold particles were found both within 
the cell wall as well as in structures identified as “filled corners” by Roberts (1990). De Wilde 
et al. (1996) have described the same specific localisation in A. thaliana leaves in which both 
an IgG and a Fab fragment were concentrated in filled corners, found at cell junctions. In 
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addition, some A. niger phytase was detected at a very low level in the vacuole of M. 
truncatula leaf cells. This is unlikely to be background given the presence of vacuolar glycans 
as determined by mass spectrometry. However, no gold particles were detected in the vacuole 
of transgenic rice leaves, probably because the protein was not concentrated enough to be 
detected. Moreover, it was shown by SDS-PAGE analysis that the 65-kDa band was a minor 
component compared to the 75-kDa band in rice, but this was not the case in M. truncatula 
leaf extracts where both bands were represented equally. This suggests that secretion 
efficiency is lower in M. truncatula than in rice and tobacco leaves.  
 
Tissue-specific deposition of A. niger phytase in seeds 
So far, research dealing with seeds has focused on nutritional improvement (mainly in cereals 
and legumes) providing useful information about seed storage protein deposition and the 
generation of protein storage vacuoles. Although cereals and legumes seeds are currently 
being investigated as a potential heterologous protein expression system, little is known about 
the behaviour of recombinant proteins in storage tissues. In this thesis, we reported 
unexpected deposition of the recombinant protein in seeds, particularly in transgenic rice. 
Indeed, in rice endosperm, the predominant glycosylation pattern detected on recombinant 
phytase was a vacuolar-type complex N-glycan (Man3(Fuc)(Xyl)GlcNAc2). Surprisingly, no 
secretion-type N-glycans could be detected, suggesting that A. niger phytase would not be 
secreted in rice endosperm but retained within the cell. Similar vacuolar-type complex N-
glycans have been detected on human lactoferrin produced in maize endosperm (Samyn-Petit 
et al., 2003). However, no immunolocalisation studies were performed to confirm this 
deposition pattern since it was not the objective of that report. In the present study, we 
provide evidence that A. niger phytase is retained in both ER-derived prolamin bodies and in 
protein storage vacuoles (PSVs) within rice endosperm cells. Rice has the peculiarity of 
possessing two distinct protein body structures (Krishnan et al., 1986; Shotwell and Larkins, 
1989; Okita and Rogers, 1996). One type accumulates the prolamins that assemble within the 
endoplasmic reticulum to form large aggregates that bud off the ER, whereas the glutelins 
pass through the ER and the Golgi apparatus to accumulate in the protein storage vacuoles 
(PSVs). The process by which storage proteins are sorted specifically to these protein body 
structures is still under investigation but some studies have suggested protein-protein 
interactions might be involved (Levanony et al., 1992; Geli et al., 1994; Müntz, 1998; 
Herman and Larkins, 1999; Shewry and Halford, 2002).  
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Interestingly, in wheat (Arcalis et al., 2004) and maize (Drakakaki, 2002), recombinant 
phytase accumulates exclusively in protein storage organelles. Similarly, immunoglobulin 
compounds directed to the apoplast in rice and maize endosperm also accumulate in ER-
derived protein bodies and in PSVs (Nicholson et al., 2005). Similar localisation was reported 
in rice endosperm cells expressing human lysozyme (Yang et al., 2003). We cannot exclude 
the possibility that human lysozyme and fungal phytase carry specific targeting signals for 
PSV deposition, even though this assumption would not explain why both recombinant 
proteins are also found in ER-derived protein bodies.  Furthermore, such cryptic targeting 
information would be expected to direct the recombinant phytase to the vacuole in the leaves 
of the three plant species we studied, whereas most of the enzyme is secreted. No significant 
similarities could be found between the A. niger phytase sequence and that of human 
lysosyme. Yang and co-workers put forward another hypothesis claiming that the high level 
of expression observed in their lines might cause ER stress, resulting in retention of the 
recombinant protein as a response. However, we observed the same localisation in rice lines 
expressing A. niger phytase at a lower level (including the lines in which phytase expression 
was directed by the underperforming CaMV 35SS promoter). Two other articles mentioning 
subcellular localisation of recombinant proteins in seeds also proposed the existence of 
cryptic PSV sorting signals, but no evidence was provided to support this theory (Wright et 
at., 2001; Philip et al., 2001). 
In tobacco endosperm, we detected two forms of phytase, 65 and 75 kDa, and in this case the 
65-kDa form was slightly more abundant. The two bands clearly represented two complex N-
glycan types: one of vacuolar origin (Man3(Fuc)(Xyl)GlcNAc2), and a second typical of 
secreted proteins (GlcNAc2Man3(Fuc)(Xyl)GlcNAc2). One secretion-type complex N-glycan 
harbouring a Lewisa structure (1927.1 Da) was detected, although it made up only a minor 
proportion of the N-glycan pool. The finding of two distinct N-glycan populations raised the 
possibility that phytase deposition might be different in the endosperm and embryo. However, 
this cannot be proven with confidence unless both tissues are present in sufficient quantities 
and efficiently separated, which is technically difficult to achieve. Electron microscopy 
revealed that A. niger phytase was deposited in both crystalloids and matrix of protein storage 
vacuoles located between oil bodies as described by Jiang et al. (2000). This is in accordance 
with observations made by Wright and co-workers (2001) where human cytomegalovirus 
glycoprotein B was located in similar structures in tobacco endosperm. Moreover, small 
amounts of secreted phytase could be detected in this tissue, but the secretion process 
appeared to be limited in endosperm cells. In contrast, we found that in the developing 
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embryo cotyledons, the recombinant phytase was abundantly secreted as was the case in leaf 
tissue, although some retention in protein storage vacuoles was noted. 
These data were supported by observations made in M. truncatula seeds, where A. niger 
phytase was found in the apoplast of immature cotyledons. However, glycan analysis could 
not be carried out on M. truncatula cotyledon tissue because the phytase enrichment process 
was not successful. Significant work has been carried out in legume seeds concerning the 
maturation of cotyledon tissue. Interestingly, analysis of pea cotyledons by electron 
microscopy and protein fractionation revealed that vegetative vacuoles (VV) disappeared 
whereas protein storage vacuoles (PSVs) were freshly formed during the maturation process 
(Hoh et al., 1995). Therefore, abundant protein bodies were found in mature pea cotyledons 
whereas they were absent at earlier stages of cotyledon development. Similar observations 
have been made in other legumes such as Vicia faba (Adler and Muntz, 1983) and Vigna 
unguiculata (Harris and Boulter, 1976). Although similar investigations have not been carried 
out in M. truncatula seeds, extrapolation has led us to the same conclusion. Indeed, 
fluorescence microscopy revealed efficient secretion of A. niger phytase from the immature 
M. truncatula cotyledons. However, immunoblot analysis of mature seed extracts showed a 
strong phytase band at 65 kDa, similar to that obtained from transgenic rice leaves and 
tobacco seeds, corresponding to the presence of vacuolar-type complex N-glycans. Although 
no N-glycan profile could be obtained, we predict the presence of similar vacuolar-type 
complex N-glycans on phytase expressed in M. truncatula seeds. We hypothesise that at an 
early stage of maturation, cotyledons mainly consisting of vegetative vacuoles efficiently 
secrete A. niger phytase. Later on, seed storage proteins begin to accumulate in newly 
synthesised protein storage vacuoles, sorting the recombinant protein partially into storage 
vacuoles as observed in transgenic rice and tobacco endosperm.  
The above conclusions agree with the observations of Philip and co-workers when they 
expressed bovine β-casein in soybean seeds. Although some minor secretion was reported, the 
majority of the recombinant protein was localised within PSVs in the mature soybean 
cotyledons (Philip et al., 2001). Since the authors described an identical retention within 
PSVs in immature soybean cotyledons, more attention should be paid in both plants to the 
immature stage of development in order to clarify the behaviour of recombinant protein in this 
tissue. As an explanation, Philip et al. speculated that no export was possible in cotyledon 
tissue and therefore no specific sorting signal would be necessary for deposition in the PSVs. 
This proposal has to be contested since a later report affirmed that seed storage proteins of A. 
thaliana (a non-endospermic dicotyledonous plant) are mis-sorted to the apoplast of mature 
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cotyledon cells in the atvsr1 mutant lacking the putative PSV sorting receptor AtVSR1 
(Shimada et al., 2003). Further experiments need to be carried out on M. truncatula 
cotyledons to confirm how the behaviour of A. niger phytase changes with the developmental 
stage of the tissue.  
 
Passive sorting of A. niger  phytase by trapping within storage protein inclusions 
Thus far, all localisation studies involving the subcellular targeting of recombinant proteins in 
seeds have concentrated on one tissue (e.g. endosperm or cotyledons) and one species. This 
study is the first direct comparison of different tissues and species expressing the same 
recombinant protein.  
Seed storage proteins follow two different pathways. The first route involves the Golgi 
apparatus where storage proteins accumulate before migrating to PSVs. The second route, 
specific to some plants, involves ER-derived vesicles that can remain independent (Krishnan 
et al., 1986) or integrate into the PSVs bypassing the Golgi apparatus (Levanony et al., 1992; 
Hara-Nishimura et al., 1998). However, the process by which seed storage proteins are 
delivered to PSVs is still poorly understood. Most studies on seed storage protein transport to 
PSVs have involved legumes such as pea, soybean, castorbean and pumpkin (Robinson and 
Hinz, 1999). In addition to the intrinsic properties of seed storage proteins that certainly help 
to form aggregates (Shewry et al., 1995), specific sorting receptors have been recently shown 
to be involved in the deposition of seed storage proteins in PSVs such as PV72 from pumpkin 
(Shimada et al., 1997; Watanabe et al., 2002) or AtVSR1 from A. thaliana (Shimada et al., 
2003). Thus far, no specific PSV sorting receptor has been identified in rice, tobacco or M. 
truncatula. In 2001, it was shown that vacuolar storage proteins are sorted to PSVs, early in 
the cis-cisternae of the pea cotyledon Golgi apparatus (Hillmer et al., 2001). Based on these 
findings, two suggestions can be put forward for the unexpected deposition of A. niger 
phytase in seed tissues. First, the recombinant phytase could passively interact with the 
globulins in rice, tobacco and perhaps M. truncatula, such that they become trapped and thus 
co-migrate to the PSVs in endosperm tissue. Second, secretion would be severely limited in 
endosperm cells while in cotyledons (tobacco and M. truncatula) we reported efficient 
secretion of the fungal protein. Moreover, it has been shown previously that vacuolar storage 
proteins are mis-sorted to the apoplast in mature cotyledons of A. thaliana mutant atvsr1 
(Shimada et al., 2003). Since endosperm is a dying tissue (Young and Gallie, 2000), it is 
programmed for protein and mineral storage rather than export. Thus, we speculate that the 
default pathway for protein entering the endomembrane system in endosperm would be the 
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protein storage vacuoles and not the apoplast as established for protoplasts and leaf tissue. It 
would be interesting to investigate the sorting of plasma membrane and secreted proteins such 
as invertase and eventually determine the active targeting signals in each case. 
Another hypothesis to explain the absence of secreted phytase of A. niger phytase in 
endosperm would be the possibly unfavourable environment for protein stability in the 
apoplast of endosperm tissue. We have demonstrated in this study that the secretion efficiency 
in leaves can vary from one plant to another since a significant portion of the recombinant 
protein in rice and M. truncatula leaves contained vacuolar-type N-glycans. In addition, no 
complex N-glycans typical of secreted proteins could be detected on phytase extracted from 
transgenic M. truncatula dry leaves, while A. niger phytase with vacuolar-type complex N-
glycans was still present in significant amounts. This supports the possibility that the 
endosperm apoplast would not be a safe compartment for the storage of the recombinant 
phytase most probably due to proteolysis activity. A similar process in endosperm tissue 
could therefore explain the absence of A. niger phytase with apoplastic origin. Since 
endosperm is a dying tissue, A. niger phytase in the apoplast might be degraded but not 
continually replaced with newly synthesised protein as it is in fresh leaves.  
 
Cereal prolamins tend to disrupt A. niger phytase trafficking 
As discussed earlier, the recombinant phytase in rice endosperm cells was equally distributed 
between PSVs and ER-derived prolamin bodies. It has been also proposed that the physical 
properties of prolamins could promote their aggregation in the ER (Geli et al., 1994). In rice, 
nascent prolamins interact with the molecular chaperone BiP (Li et al., 1993a). This specific 
interaction continues until the prolamins assemble into protein bodies, meaning that BiP may 
assist ER protein body formation (Okita and Rogers, 1996). It would be wise to investigate 
the interaction between the molecular chaperone BiP and A. niger phytase in the ER and its 
possible responsibility for phytase accumulation in prolamin bodies. Such interactions 
between BiP and recombinant proteins such as A. niger phytase or human lysozyme are still 
unknown but it seems unlikely since these recombinant proteins were present as a major 
component within PSVs. However, no high-mannose residues were detected on recombinant 
phytase extracted from transgenic rice endosperm. This result would indicate that part of the 
phytase was not correctly folded and glycosylated, therefore interaction with molecular 
chaperones such as BiP would prevent its export from the endoplasmic reticulum. In parallel, 
the high concentration of prolamins within the ER lumen appears to play an important role in 
protein aggregation (Tooze et al., 1989). Hence, a critical concentration due to the high rate of 
Discussion 
 97
biosynthesis and/or the low rate of ER export may determine the formation of protein 
aggregates early in the ER. Following the same line, Okita’s group brilliantly demonstrated 
that prolamin mRNAs were specifically targeted to the cortical ER where prolamin protein 
bodies are formed, leading to prolamin mRNA enrichment around the protein body formation 
sites (Li et al., 1993b). The same team recently found determinants on the 3’ UTR of the rice 
prolamin mRNAs responsible for specific targeting to the cortical ER subdomain (Choi et al., 
2000; Okita and Choi, 2002; Hamada et al., 2003a/b). In contrast, glutelin mRNAs are 
directed to the cisternal ER (Hamada et al., 2003a). A key experiment carried out by 
Drakakaki (2002) demonstrated that A. niger phytase mRNA in rice endosperm cells was 
localised on the cisternal ER and not on the cortical ER where prolamin mRNAs are found. 
This finding eliminates the possibility that phytase mRNA might be targeted to the cortical 
ER hence facilitating its deposition within prolamin bodies. Therefore, we suggest that either 
part the recombinant phytase actively interacts with prolamins or it is passively trapped within 
prolamin networks. 
In order to gain more insight into the behaviour of A. niger phytase with prolamin ER-derived 
protein bodies, tobacco plants expressing the secreted version of the A. niger phytase were 
crossed with transgenic tobacco plants producing zeolin bodies. Zeolin is a fusion between the 
bean storage protein phaseolin and the last 89 amino acids of the maize prolamin γ-zein. Its 
ability to form ER-derived protein bodies in tobacco leaves has been demonstrated very 
recently (Mainieri et al., 2004). Interestingly, a significant part of the recombinant phytase 
was retained within the endoplasmic reticulum of the progeny plants, while in the paternal 
plant the fungal phytase was efficiently secreted to the apoplast. The disruption of phytase 
trafficking in plants co-expressing zeolin suggests possible trapping of the phytase within 
zeolin bodies. Moreover, it will be interesting to determine if the A. niger phytase in these 
plants shares high-mannose residues typical of ER-derived proteins, since such N-glycans 
were not detected in rice endosperm. 
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V. CONCLUSION AND PROSPECTS 
 
It has been proposed that the fate of proteins entering the endomembrane system is by default 
the apoplast, although storage tissues were not considered when this model was developed. 
The experiments described in my thesis have provided evidence based on glycan analysis and 
protein localization that storage tissues may not obey this default model, i.e. the targeting of 
recombinant proteins is tissue-specific. Although the A. niger phytase was secreted from leaf 
cells as expected for proteins following the default secretory pathway, in endosperm tissue the 
same protein was either exclusively or predominantly retained in protein storage organelles. 
These findings call for an adjustment of the working model for the default secretory pathway. 
Further supported by other observations cited in recent literature, we speculate that the default 
compartment for the accumulation of recombinant proteins directed to the secretory pathway 
is the apoplast in leaves but PSVs in endosperm cells; cotyledons might represent an 
intermediate state. These results raise additional questions concerning the protein-protein 
interactions involved in deposition, protein export from endosperm cells (especially in 
cereals) and protein stability within different cell compartments. Further analysis of A. niger 
phytase expressed in M. truncatula seeds should be undertaken in order to provide a better 
comparison with other tissues and plants. In a similar way, a transgenic tobacco line 
expressing A. niger phytase controlled by an endosperm specific promoter could be generated 
in order to better characterise the precise deposition of the protein within this tissue.  
In parallel, we intend to carry out protein fractionation from tobacco leaves co-expressing A. 
niger phytase and zeolin. Indeed, as a prolamin, zeolin bodies can be extracted independently 
from water-soluble proteins. Therefore, it would be interesting to characterise A. niger 
phytase co-purified with zeolin and compare it to secreted A. niger phytase present in the 
water soluble fraction. 
In addition, we reported substantial N-glycan heterogeneity within and between the three 
different plants studied. This finding supports the importance given to the choice of an 
appropriate plant system for the production of recombinant biopharmaceuticals. Accordingly 
and since plant-specific N-glycans as well as the Lewisa epitope could potentially trigger IgE 
binding, it will be crucial to study the immunogenicity of such glycan structures in more 
detail, in order to provide complete and precise data for the growing industry of molecular 
farming. 
References 
 99
VI. REFERENCES 
 
Adler K. and Muntz K. (1983). Origin and development of protein bodies in cotyledons of 
Vicia faba. Planta 157:401-419. 
 
Allen GC., Spiker S., Thompson WF. (2000). Use of matrix attachment regions (MARs) to 
minimize transgene silencing. Plant Mol Biol 43:361-376. 
 
Araujo SS., Duque SRL., Dos Santos DM., Fevereiro PS. (2004). An efficient transformation 
method to regenerate a high number of transgenic plants using a new embryogenic line of 
Medicago truncatula cv. Jemalong. Plant Cell Tiss Org Cult 78:123-131. 
 
Arcalis E., Marcel S., Altmann F., Kolarich D., Drakakaki G., Fischer R., Christou P., Stoger 
E. (2004). Unexpected deposition patterns of recombinant proteins in post-endospermic 
reticulum compartments of wheat endosperm. Plant Physiol 136:3457-3466. 
 
Ausubel FM., Brent R., Kingston RE. (1994). Current protocols in molecular biology. Wiley 
Interscience, New York. 
 
Bagga S., Adams HP., Kemp JD., Sengupta-Gopalan C. (1995). Accumulation of 15-
kilodalton zein in novel protein bodies in transgenic tobacco. Plant Physiol 107:13-23. 
 
Bagga S., Adams HP., Rodriguez FD., Kemp JD., Sengupta-Gopalan C. (1997). Coexpression 
of the maize δ-zein and the β-zein genes results in stable accumulation of δ-zein in 
endospermic reticulum-derived protein bodies formed by β-zein. Plant Cell 9:1683-1696. 
 
Bakker H., Bardor M., Molthoff JW., Gomord V., Elbers I., Stevens LH., Jordi W., Lommen 
A., Faye L., Lerouge P., Bosch D. (2001). Galactose-extended glycans of antibodies produced 
by transgenic plants. Proc Natl Acad Sci 98(5):2899-904. 
 
Bardor M., Faveeuw C., Fitchette AC., Gilbert D., Galas L., Trittein F., Faye L., Lerouge P. 
(2003a). Immunoreactivity in mammals of two typical plant glycol-epitope, core α(1,3)-
fucose and core xylose. Glycobiol 13(6):427-434. 
References 
 100
 
Bardor M., Loutelier-Bourhis C., Paccalet T., Cosette P., Fitchette AC., Vezina LP., Trepanier 
S., Dargis M., Lemieux R., Lange C., Faye L., Lerouge P. (2003b). Monoclonal C5-1 
antibody produced in transgenic alfalfa plants exhibits a N-glycosylation that is homopenous 
and suitable for glycol-engineering into human-compatible structures. Plant Biotech J 1:451-
462. 
 
Barta A., Sommergruber K., Thompson D., Hartmuth K., Matzke M., Matzke A. (1986). The 
expression of a nopaline synthase-human growth hormone chimaeric gene in transformed 
tobacco and sunflower callus tissue. Plant Mol Biol 6:347-357. 
 
Bell CJ., Dixon RA., Farmer AD., Flores R., Inman J., Gonzales RA., Harrison MJ., Paiva 
NL., Scott AD., Weller JW., May GD. (2001). The Medicago genome initiative: a model 
legume database. Nucleic Acids Res 29:114-117. 
 
Bellucci M., Alpini A., Arcioni S. (2000). Expression of maize γ-zein and β-zein genes in 
transgenic Nicotiana tabacum and Lotus corniculatus. Plant Cell Tissue Organ Culture 
62:141-151. 
 
Boevink P., Santa Cruz S., Hawes C., Harris N., Oparka KJ. (1998). Stacks on tracks: the 
plant Golgi apparatus traffics on an actin/ER network. Plant J 15:441-447. 
 
Bollini R., Vitale A., Chrispeels MJ. (1983). In vivo and in vitro processing of seed reserve 
protein in the endoplasmic reticulum: evidence for two glycosylation steps. J Cell Biol 
96:999-1007. 
 
Boston RS., Fontes EB., Shank BB., Wrobel RL. (1991). Increased expression of the maize 
immunoglobulin binding protein homolog b-70 in three zein regulatory mutants. Plant Cell 
3:497-505. 
 
Boston RS., Vitanen PV., Vierling E. (1996a). Molecular chaperones and protein folding in 
plants. Plant Mol Biol 34:191-222. 
 
References 
 101
Boston RS., Gillikin JW., Wrobel RL. (1996b). Coordinate induction of three ER-lumenal 
stress proteins in maize endosperm mutants. J Cell Biochem 19A:143. 
 
Boyer SK., Shotwell MA., Larkins BA. (1992). Evidence for the translational control of 
storage protein gene expression in oat seeds. J Biol Chem 267:17449-17457. 
 
Bradford, M.M. 1976. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72:248-254. 
 
Brinch-Pedersen H., Olesen A., Rasmussen SK., Holm PB. (2000). Generation of transgenic 
wheat (Triticum aestivum) for constitutive accumulation of an Aspergillus phytase. Molecular 
breeding 6:195-206. 
 
Bustos MM., Kalkan FA., van den Bosh KA., Hall T. (1991). Differential accumulation of 
four phaseolin glycoforms in transgenic tobacco. Plant Mol Biol 16:381-395. 
 
Cabanes-Macheteau M., Fitchette-Lainé AC., Loutelier-Bourhis C., Lange C., Vine ND., Ma 
JK., Lerouge P., Faye L. (1999). N-glycosylation of a mouse IgG expressed in transgenic 
tobacco plants. Glycobiol 9:365-372. 
 
Ceriotti A., Duranti M., Bollini R. (1998). Effects of N-glycosylation on the folding and 
structure of plant proteins. J Exp Bot 49(324):1091-1103. 
 
Chargelegue D., Vine ND., van Dolleweerd CJ., Drake PM., Ma JK. (2000). A murine 
monoclonal antibody produced in transgenic plants with plant-specific glycans is not 
immunogenic in mice. Transgenic Res 9:187-194. 
 
Chikwamba RK., Scott MP., Mejia LB., Mason HS., Wang K. (2003). Localization of a 
bacterial protein in starch granules of transgenic maize kernels. Proc Natl Acad Sci USA 
100:11127-11132. 
 
Choi SB., Wang C., Muench DG., Ozawa K., Franceschi VR., Wu Y., Okita TW. (2000). 
Messenger RNA targeting of rice seed storage proteins to specific ER subdomains. Nature 
407:765-767. 
References 
 102
 
Chrispeels MJ. and Maurel C. (1994). Aquaporins: the molecular basis of facilitated water 
movement through living plant cells? Plant Physiol 105:9-13. 
 
Christou P., Ford T.L., Kofron M. (1991). Production of transgenic rice (Oryza sativa L.) 
plants for agronomically important indica and japonica varieties via electric discharge particle 
accceleration of exogenous DNA into mature zygotic embryos. Bio/Technology 9:419-423. 
 
Coleman CE., Herman EM., Takasaki K., Larkins BA. (1996). The maize γ-zein sequesters α-
zein and stabilizes its accumulation in protein bodies of transgenic tobacco endosperm. Plant 
Cell 8:2335-2345. 
 
Cook DR. (1999). Medicago truncatula - a model in the making! Curr Opin Plant Biol 2:301-
304. 
 
Cordewener J., Booij H., van der Zandt H., van Engelen F., van Kammen A., de Vries S. 
(1991). Tunicamicyn-inhibited carrot somatic embryogenesis can be restored by serected 
cationic peroxidase isoenzymes. Planta 184:478-486. 
 
Curry C., Gilkes N., O’Neill G., Miller C., Skipper N. (1988). Expression and secretion of a 
Cellulomonas fimi in Saccharomyces cerevisiae. Appl Environ Microbiol 54:476-484. 
 
D’Amico L., Valsasina B., Daminati MG., Fabbrini MS., Nitti G., Bollini R., Ceriotti A., 
Vitale A. (1992). Bean homologues of the mammalian glucose-regulated proteins: induction 
by tunicamycin and interaction with newly-synthesized seed storage proteins in the 
endoplasmic reticulum. Plant J 2:443-455. 
 
Daniell H., Lee SB., Panchal T., Wiebe PO. (2001). Expression of the native cholera B toxin 
subunit gene and assembly as functional oligomers in transgenic tobacco chloroplasts. J Mol 
Biol 311:1001-1009. 
 
De Loose M., Gheysen G., Tire C., Gielen J., Villarroel R., Genetello C., Van Montagu M., 
Depicker A., Inzé D. (1991). The extensin signal peptide allows secretion of a heterologous 
protein from protoplasts. Gene 99:95-100. 
References 
 103
 
De Wilde C., De Neve M., De Rycke R., Bruyns AM., De Jaeger G., Van Montagu M., 
Depicker A., Engler G. (1996). Intact antigen-binding MAK33 antibody and Fab fragment 
accumulate in intercellular spaces of Arabidopsis thaliana. Plant Sci 114:233-241. 
 
Denecke J., Botterman J., and Deblaere R. (1990). Protein secretion in plant cells can occur 
via a default pathway. Plant Cell 2:51-59. 
 
Denecke J., Goldman MHS., Demolder J., Seurinck J., Botterman J. (1991). The tobacco 
luminal binding protein is encoded by a multigene family. Plant Cell 3:1025-1035. 
 
Denecke J., Derycke R., Botterman J. (1992). Plant and mammalian sorting signals for protein 
retention in the endoplasmic reticulum contain a conserved epitope. EMBO J 11:2345-2355. 
 
Dore C., Voelker TA., Herman EM., Chrispeels MJ. (1989). Transport of proteins to the plant 
vacuole is not by bulk flow through the secretory system, and requires positive sorting 
information. J Cell Biol 108:327-337. 
 
Drakakaki G., Christou P., Stoger E. (2000). Constitutive expression of soybean ferritin 
cDNA in transgenic wheat and rice results in increased iron levels in vegetative tissues but 
not in seeds. Transgenic Res 9:445-452. 
 
Drakakaki G. (2002). Expression of mineral binding proteins in cereals. PhD thesis, John 
Innes Centre, Norwich, UK. 
 
Driouich A., Gonnet P., Makkie M., Laine AC., Faye L. (1989). The role of high-mannose 
and complex asparagines-linked glycans in the secretion and the stability of glycoproteins. 
Planta 180:96-104. 
 
Duranti M., Gius C., Sessa F., Vecchio G. (1995). The saccharide chain of lupin seed 
conglutin γ is not responsible for the protection of the native protein from degradation by 
trypsin, but facilitates the refolding of the acid-treated protein to the resistant conformation. 
Eur J Biochem 230:886-891. 
 
References 
 104
Dwek RA. (1996). Glycobiology: toward understanding the function of sugars. Chem Rev 
96:683-7. 
 
Eckhardt M., Fewou SN., Ackermann I., Gieselmann V. (2002). N-glycosylation is required 
for full enzymic activity of the murine galactosylceramide sulphotransferase. Biochem J 
368:317-324. 
 
Elbers IJW., Stoopen GM., Bakker H., Stevens LH., Bardor M., Molthoff JW., Jordi WJ., 
Bosch D., Lommen A. (2001). Influence of growth conditions and developmental stage on N-
glycan heterogeneity of transgenic immunoglobulin G and endogenous proteins in tobacco 
leaves. Plant Physiol 126:1314-1322. 
 
Faye L. and Chrispeels MJ. (1987). Transport and processing of the glycosylated precursor of 
concanalalin A in jack-bean. Planta 170:217-224. 
 
Faye L. and Chrispeels MJ. (1988). Common antigenic determinants in the glycoproteins of 
plants, molluscs and insects. Glycoconj J 5:245-256. 
 
Faye L. and Chrispeels MJ. (1989). Apparent inhibition of β-fructosidase secretion by 
tunicamycin may be explained by breakdown of the unglycosylated protein during secretion. 
Plant Physiol 89:845-851. 
 
Faye L., Gomord V., Fitchette-Lainé AC., Chrispeels MJ. (1993). Affinity purification of 
antibodies specific for Asn-linked glycans containing alpha 1→3 fucose or beta 1→2 xylose. 
Anal Biochem 209:104-108. 
 
Feizi T. (1993). Oligosaccharides that mediate cell-cell adhesion. Curr Opin Struct Biol 
3:701-710. 
 
Fink AL. (1999). Chaperone-mediated protein folding. Physiological Review 70:425-449. 
 
Fischer R., Twyman R., Schillberg S. (2003). Production of antibodies in plants and their use 
for global health. Vaccine 21:820-825. 
 
References 
 105
Fischer R., Stoger E., Schillberg S., Christou P., Twyman RM. (2004). Plant-based production 
of biopharmaceuticals. Curr Opin Plant Biol 7:152–158.  
 
Fitchette-Lainé AC., Gomord V., Cabanes M., Michalski JC., Saint Macary M., Foucher B., 
Cavelier B., Hawes C., Lerouge P., Faye L. (1997). N-glycans harbouring the Lewis a epitope 
are expressed at the surface of plant cells. Plant J 12:1411-1417. 
 
Fitchette AC, Cabanes-Macheteau M, Marvin L, Martin B, Satiat-Jeunemaitre B, Gomord V, 
Crooks K, Lerouge P, Faye L, Hawes C. (1999). Biosynthesis and immunolocalization of 
Lewis a-containing N-glycans in the plant cell. Plant Physiol 121:333-343 
 
Freedman RB., Hirst TR., Tuite MF. (1989). Protein disulphide isomerase: building bridges in 
protein folding. Trends Biochem Sci 19:331-336. 
 
Galili G., Sengupta-Gopalan C., Ceriotti A. (1998). The endoplasmic reticulum of plant cells 
and its role in protein maturation and biogenesis of oil bodies. Plant Mol Biol 38:1-29. 
 
Gallardo K., Le Signor C., Vandekerckhove J., Thompson RD., Burstin J. (2003). Proteomics 
of Medicago truncatula seed development establishes the time frame of diverse metabolic 
processes related to reserve accumulation. Plant Physiol 133:664-682. 
 
Garcia-Casado G., Sanchez-Monge R., Chrispeels MJ., Armentia A., Salcedo G., Gomez L. 
(1996). Role of complex asparagine-linked glycans in the allergenicity of plant glycoproteins. 
Glycobiology 6:471-477. 
 
Geli MI., Torrent M., Ludevid D. (1994). Two structural domains mediate two sequential 
events in γ-zein targeting: protein endoplasmic reticulum retention and protein body 
formation. Plant Physiol 6:1911-1922. 
 
Gillikin JW., Zhang F., Coleman CE., Bass HW., Larkins BA., Boston RS. (1997). A 
defective signal peptide tethers the floury-2 zein to the endospermic reticulum membrane. 
Plant Physiol 114:345-352. 
 
References 
 106
Gomord V., Sourrouille C., Fitchette AC., Bardor M., Pagny S., Lerouge P., Faye L. (2004). 
Production and glycosylation of plant-made pharmaceuticals: the antibodies as a challenge. 
Plant Biotech J 2:83-100. 
 
Gordon K., Lee E., Vitale JA., Smith AE., Westphal H., Hennighausen L. (1987). Production 
of human tissue plasminogen activator in transgenic mouse milk. Biotechnology 5:1183-1187. 
 
Hadlington JL. and Denecke J. (2000). Sorting of soluble proteins in the secretory pathway of 
plants. Curr Opin Plant Biol 3:461-468. 
 
Hamada S., Ishiyama K., Sakulsingharoj C., Choi SB., Wu Y., Wang C., Singh S., Kawai N., 
Messing J., Okita TW. (2003a). Dual regulated RNA transport pathways to the cortical region 
in developing rice endosperm. Plant Cell 15:2265-2272. 
 
Hamada S., Ishiyama K., Choi SB., Wang C., Singh S., Kawai N., Franceschi VR., Okita TW. 
(2003b). the transport of prolamine RNAs to prolamine protein bodies in living rice 
endosperm cells. Plant Cell 15:2253-2264. 
 
Hara-Nishimura I., Inoue K., Nishimura M. (1991). A unique vacuolar processing enzyme 
responsible for conversion of several propotein precursors into the mature forms. FEBS Lett 
294:89-93. 
 
Hara-Nishimura I., Takeuchi Y., Nishimura M. (1993). Molecular characterization of a 
vacuolar processing enzyme related to a putative cysteine proteinase of Schistosoma mansoni. 
Plant Cell 5:1651-1659. 
 
Hara-Nishimura I, Shimada T, Hatano K, Takeuchi Y, Nishimura M. (1998). Transport of 
storage proteins to protein storage vacuoles is mediated by large precursor-accumulating 
vesicles. Plant Cell 10(5):825-836. 
 
Harris N. and Boulter D. (1976). Protein body formation in cotyledons of developing cowpea 
(Vigna unguiculata) seeds. Ann Bot 40:739-744. 
 
Hartl FU. (1996). Molecular chaperones in cellular protein folding. Nature 381:571-580. 
References 
 107
 
Hassan AM., Wesson C., Trumble WR. (1995). Calreticulin is the major Ca2+ storage protein 
in the endoplasmic reticulum of the pea plant (Pisum sativum). Plant Physiol 221:54-59. 
 
Helenius A and Aebi M. (2001). Intracellular functions of N-linked glycans. Science 
291:2364-2369. 
 
Helenius A., Trombetta ES., Hebert DN., Simons JF. (1997). Calnexin, calreticulin and the 
folding of glycoproteins. Trends Cell Biol 7:193-200. 
 
Henry S., Oriol R., Samuelson B. (1995). Lewis histo-blood group system and associated 
secretory phenotypes. Vox Sang 6:166-182. 
 
Herman EM. and Larkins BA. (1999). Protein Storage Bodies and Vacuoles. The Plant Cell 
11:601-613. 
 
Hiatt A., Cafferkey R., Bowdish K. (1989). Production of antibodies in transgenic plants. 
Nature 342:76-78. 
 
Hillmer S., Movafeghi A., Robinson DG., Hinz G. (2001). Vacuolar storage proteins are 
sorted in the cis-cisternae of the pea cotyledon Golgi apparatus. J Cell Biol 152(1):41-50. 
 
Hinz G., Hillmer S., Baumer M., Hohl I. (1999). Vacuolar storage proteins and the putative 
vacuolar sorting receptor BP-80 exit from the Golgi apparatus of developing pea cotyledons 
in different transport vesicles. Plant Cell 11:1509-1524. 
 
Höfgen R. and Willmitzer L. (1988). Storage of competent cells for Agrobacterium 
transformation. Nucleic Acids Res 16:9877. 
 
Hofte H., Hubbard L., Reizer J., Ludevid D., Herman EM., Chrispeels MJ. (1992). Vegetative 
and seed-specific forms of tonoplast intrinsic protein in the vacuolar membrane of 
Arabidopsis thaliana. Plant Physiol 99:561-570. 
References 
 108
 
Hoh B., Hinz G., Jeong BK., Robinson DG. (1995). Protein storage vacuoles form de novo 
during pea cotyledon development. J Cell Sci 108:299-310. 
 
Hohl I., Robinson D., Chrispeels MJ., Hinz G. (1996). Transport of storage proteins to the 
vacuole is mediated by vesicles without a clathrin coat. J Cell Sci 109:2539-2550. 
 
Hood EE., Kusnadi A., Nikolov Z., Howard JA. (1999). Molecular farming of industrial 
proteins from transgenic maize.  In Chemicals via Higher Plant Bioengineering, Shahidi F, 
Kolodziejczyk P, Whitaker JR, Munguia AL, Fuller G (eds), Plenum Press, New York, 
pp.127-147. 
 
Hood EE. (2004). Where, oh where has my protein gone? Trends Biotechnol 22:53-55. 
 
Huang L., Franklin AE., Hoffman NE. (1993). Primary structure and characterization of an 
Arabidopsis thaliana calnexin-like protein. J Biol Chem 268:6560-6566. 
 
Iturriaga G., Jefferson RA., Bevan MW. (1989). Endoplasmic reticulum targeting and 
glycosylation of hybrid proteins in transgenic tobacco. Plant Cell 1:381-390. 
 
Jiang L., Phillips TE., Rogers SW., Roger JC. (2000). Biogenesis of the protein storage 
vacuole crystalloid. J Cell Biol 150:755-769. 
 
Johnson IS. (1983). Human insulin from recombinant DNA technology. Science 219:632-637. 
 
Johnson KD., Herman EM., Chrispeels MJ. (1989). An abundant, highly conserved tonoplast 
protein in seeds. Plant Physiol 91:1006-1013. 
 
Jung R., Scott MP., Nam YW., Beaman TW., Bassuner R., Saalbach I., Muntz K., Nielsen 
NC. (1998). The role of proteolysis in the processing and assembly of 11S seed globulins. 
Plant Cell 10:343-357. 
 
References 
 109
Kapila J., De Rycke R., Van Montagu M., Angenon G. (1997). An Agrobacterium mediated 
transient gene expression system for intact leaves. Plant Sci 122:101-108. 
 
Katayama H., Nagazu T., Oda Y. (2001). Improvement of in-gel digestion protocol for 
peptide mass fingerprinting by matrix-assisted laser desorption/ionisation time-of-flight mass 
spectrometry. Rapid Commun Mass Spectrom 15:1416-1421. 
 
Kirsch T., Paris N., Butler JM., Beevers L., Rogers JC. (1994). Purification and initial 
characterization of a potential plant vacuolar targeting receptor. Proc Natl Acad Sci USA 
91:3403-3407. 
 
Koizumi N. (1996). Isolation and responses to stress of a gene that encodes a luminal binding 
protein in Arabidopsis thaliana. Plant Cell Physiol 37:862-865. 
 
Kolarich D. and Altmann F. (2000). N-glycan analysis by matrix-assisted laser desorption/ 
ionisation mass spectrometry of electrophoretically separated nonmammalian proteins: 
application to peanut allergen ara h 1 and olive pollen allergen ole e 1. Anal Biochem 285:64-
75. 
 
Koncz C. and Schell J. (1986). The promoter of TL-DNA gene 5 controls the tissue specific 
expression of chimeric genes carried by a novel type of Agrobacterium binary vector. Mol 
Gen Genet 204:383-396. 
 
Kornfeld R. and Kornfeld S. (1985). Assembly of asparagine-liked oligosaccharides. Annu 
Rev Biochem 54:631-664. 
 
Krishnan HB, Franceschi VR., Okita TW. (1986). Immunochemical studies on the role of the 
Golgi complex in protein body formation in rice seeds. Planta 169:471-480. 
 
Kurosaka A., Yano A., Itoh N., Kuroda Y., Nakagawa T., Kawasaki T. (1991). The structure 
of a neural specific carbohydrate epitope of horseradish peroxidase recognized by anti-
horseradish peroxidase antiserum. J Biol Chem 266:4168-4172. 
 
References 
 110
Kwiatkowski BA., Zielinska-Kwiatkowska AG., Migdalski A., Kleczkowski LA., 
Wasilewska LD. (1995). Cloning of two cDNAs encoding calnexin-like and calreticulin-like 
proteins from maize (Zea mays) leaves: identification of potential calcium-binding domains. 
Gene 165:219-222. 
 
Lee HI., Gal S., Newman TC., Raikhel NV. (1993). The Arabidopsis endoplasmic reticulum 
retention receptor functions in yeast. Proc Natl Acad Sci USA 90:11433-11437. 
 
Lerouge P., Cabanes-Macheteau M., Rayon C., Fitchette-lainé AC., Gomord V., Faye L. 
(1998). N-glycosylation biosynthesis in plants: recent developments and future trends. Plant 
Mol Biol 38:31-41. 
 
Levanony H., Rubin R., Altschuler Y., Galili G. (1992). Evidence for a novel route of wheat 
storage proteins to vacuole. J Cell Biol 119(5):1117-1128. 
 
Li H., Hegeman C., Hanlon R., Lacy G., Denbow M., Grabau E. (1997). Secretion of active 
recombinant phytase from soybean cell-suspension cultures. Plant Physiol 144:1103-1111 
 
Li X., Wu Y., Zhang DZ., Gillikin JW., Boston RS., Franceschi VR., Okita TW. (1993a). 
Rice prolamine protein body biosynthesis: a BiP-mediated process. Science 262:1054-1056. 
 
Li X., Franceschi VR., Okita TW. (1993b). segregation of storage protein mRNA on the 
rough endoplasmic reticulum membranes of rice endosperm cells. Cell 72:869-879. 
 
Lis H. and Sharon N. (1993). Protein glycosylation structural and functional aspects. Eur J 
Biochem 218:1-27. 
 
Lopes MA. and Larkins BA. (1993). Endosperm origin, development, and fuction. Plant Cell 
5:1383-1399. 
 
Lucca P., Hurrell R., Potrykus I. (2001). Genetic engineering approaches to improve the 
bioavailability and the level of iron in rice grains. Theor Appl Genetics 102:392-397. 
References 
 111
 
Ma J.K.C., Hiatt A., Hein M., de Vine N., Wang F., Stabila P., van Dolleweweerd C., Mostov 
K., Lehner T. (1995). Generation and assembly of secretory antibodies in plants. Science  
268:716-719. 
 
Ma JKC., Drake PMW., Christou P. (2003). The production of recombinant pharmaceutical 
proteins in plants. Nat Rev Genet 4:794-805.  
 
Mainieri D., Rossi M., Archinti M., Bellucci M., De Marchis F., Vavassori S., Pompa A., 
Arcioni S., Vitale A. (2004). Zeolin. A new recombinant storage protein constructed using 
maize γ-zein and bean phaseolin. Plant Physiol 136:3447-3456. 
 
Marinos NG. (1970). Embryogenesis of the pea (Pisum sativum). The cytological 
environment of the developing embryo. Protoplasma 70:261-279. 
 
Marocco A., Santucci A., Cerioli S., Motto M ., Difonzo N ., Thompson R., Salamini F. 
(1991). Three high-lysine mutations control the level of ATP-binding HSP70-like proteins in 
the maize endosperm. Plant Cell 3:507-515. 
 
Marty F. (1999). Plant vacuoles. Plant Cell 11:587-599. 
 
Mason HS., Lam DM., Arntzen CJ. (1992). Expression of hepatisis B surface antigen in 
transgenic plants. Proc Natl Acad Sci USA 89:11745-11749. 
 
Matsuoka K., Bassham DC., Raikhel N., Nakamura K. (1995). Different sensitivity to 
wortmannin of two vacuolar sorting signals indicates the presence of distinct sorting 
machineries in tobacco cells. J Cell Biol 130:1307-1318. 
 
Melo NS., Nimtz M., Conradt HS., Feveiro PS., Costa J. (1997). Identification of the human 
Lewisa carbohydrate motif in a secretory peroxidase from a plant cell suspension culture 
(Vaccinium myrtillus L.). FEBS Lett 415:186-191. 
 
Menegazzi P., Guzzo F., Baldan B., Mariani P., Treves S. (1993). Purification of calreticulin-
like protein(s) from spinach leaves. Biochem Biophys Res Comm 190:1130-1135. 
References 
 112
 
Menkhaus TJ., Bai Y., Zhang C., Nikolov ZL., Glatz CE. (2004). Considerations for the 
recovery of recombinant proteins from plants. Biotechnol Prog 20:1001-1014. 
 
Morré DJ. and Mollenhauer HH. (1974). The endomembrane concept: a functional integration 
of endoplasmin reticulum and Golgi apparatus. In Dynamis aspects of plant utrastructure, 
A.W. Robards, ed (London: Mcgraw-Hill), pp. 84-137. 
 
Muench DG., Wu Y., Li X., Boston R., Okita TW. (1997). Molecular cloning, expression and 
subcellular localization of a BiP homolog from rice endosperm tissue. Plant Cell Physiol 
38:404-412. 
 
Muench DG., Wu Y., Coughlan SJ., Okita TW. (1998). Evidence for a cytoskeleton-
associated binding site involved in prolamine mRNA localization to the protein bodies in rice 
endosperm tissue. Plant Physiol 116:559-569. 
 
Muench DG., Chuong SDX., Franceschi VR., Okita TW. (2000). Developing prolamine 
protein bodies are associated with the cortical cytoskeleton in rice endosperm cells. Planta 
211:227-238. 
 
Munro S. and Pelham HRB. (1986). An hsp70-like protein in the ER: identity with the 78 kd 
glucose-regulated protein and immunoglobulin heavy chain binding protein. Cell 46:291-300. 
 
Muntz K. (1998). Deposition of storage proteins. Plant Mol Biol 38:77-99. 
 
Murashige T. and Skoog F. (1962). A revised medium for rapid growth and bioassays with 
tobacco tissue cultures. Physiol Plant 15:473-497. 
 
Napier RM., Fowke LC., Hawes C., Lewis M., Pelham HRB. (1992). Immunological 
evidence that plants use both HDEL and KDEL targeting proteins to the endoplasmic 
reticulum. J Cell Sci 102:261-271. 
 
References 
 113
Napier RM., Trueman S., Henderson J., Boyce JM., Hawes C., Fricker MD., Venis MA. 
(1995). Purification, sequencing and functions of calreticulin from maize. J Exp Bot 46:1603-
1613. 
 
Nelson DE., Glaunsinger B., Bohnert HJ. (1997). Abundant accumulation of calcium-binding 
molecular chaperone calreticulin in specific floral tissues of Arabidopsis thaliana. Plant 
Physiol 114:29-37. 
 
Neuhaus JM., Sticher L., Meins F., Boller T. (1991). A short C-terminal sequence is 
necessary and sufficient for the targeting of chitinases to the plant vacuole. Proc Natl Acad 
Sci USA 88:10362-10366. 
 
Neuhaus JM. (1996). Protein targeting to the plant vacuole. Plant Physiol Biochem 34(2):217-
221. 
 
Neuhaus JM. and Rogers JC. (1998). Sorting of proteins to vacuoles in plant cells. Plant Mol 
Biol 38:127-144. 
 
Neves LO., Duque SRL., De Almeida JS., Fevereiro PS. (1999). Repetitive somatic 
embryogenesis in Medicago truncatula ssp. Narborensis and M. truncatula Gaertn cv. 
Jemalong. Plant Cell Rep 18:398-405. 
 
Neves LO., Tomaz L., Fevereiro PS. (2001). Micropropagation of Medicago truncatula 
Gaertn cv. Jemalong and Medicago truncatula ssp. Narborensis. Plant Cell Tiss Org Cult 
67:81-84. 
 
Nicholson L. (2002). Expression of pharmaceutical antibodies in transgenic cereals: an 
investigation of their synthesis, assembly and subcellular deposition. PhD thesis, John Innes 
Centre, Norwich, UK. 
 
Nicholson L., Gonzales-Menlendi P., van Dolleweerd C., Tuck H., Perrin Y., Ma JKC., 
Fischer R., Christou P., Stoger E. (2005). A recombinant multimeric immunoglobulin 
References 
 114
expressed in rice shows assembly-dependent subcellular localization in endosperm cells. 
Plant Biotech J 3:115-127. 
 
Noiva R. and Lennarz WJ. (1992). Protein disulphide isomerase. A multi-functional protein 
resident in the lumen of the endoplasmic reticulum. J Biol Chem 267:3553-3556. 
 
Okita TW and Rogers JC. (1996). Compartmentation of proteins in the endomembrane system 
of plant cells. Annu Rev Plant Physiol Plant Mol Biol 47:327-350. 
 
Okita TW., Choi SB., Ito H., Muench DG., Wu Y., Zhang. (1998). Entry into the secretory 
system – the role of mRNA localization. J Exp Bot 49:1081-1090. 
 
Okita TW. and Choi SB. (2002). mRNA localization in plants: targeting to the cell’s cortical 
region and beyond. Curr Opin Plant Biol 5:553-569. 
 
Osborne TB. (1924). The vegetable proteins. Monographs in biochemistry, Longmans, Green 
and Co, London. 
 
Palade G. (1975). Intracellular aspects of the process of protein synthesis. Science 189:347-
358. 
 
Panchal T. and Wodzinski RJ. (1998). Comparison of glycosylation patterns of phytase from 
Aspergillus niger (A. ficuum) NRRL 3135 and recombinant phytase. Prep Biochem 
Biotechnol 28(3):201-217 
 
Paris N., Stanley CM., Jones RL., Rogers JC. (1996). Plant cells contain two functionally 
distinct vacuolar compartments. Cell 85(4):563-572. 
 
Paris N., Rogers SW., Jiang L., Kirsch T., Beevers L., Phillips TE., Rogers JC. (1997). 
Molecular cloning and further characterization of a probable plant vacuolar sorting receptor. 
Plant Physiol 115:29-39. 
 
References 
 115
Pedrazzini E., Giovinazzo G., Bielli A., de Virgilio M., Frigerio L., Pesca M., Faoro F., 
Bollini R., Ceriotti A., Vitale A. (1997). Protein quality control along the route to the plant 
vacuole. Plant Cell 9:1869-1880. 
 
Pelham HRB. (1988). Evidence that luminal ER proteins are sorted from secreted proteins in 
a post-ER compartment. EMBO J 7:913-918. 
 
Pelham HR. (1995). Sorting and retrieval between the endoplasmic reticulum and the Golgi 
apparatus. Curr Opin Cell Biol 7:530-535. 
 
Pen J., Molendijk L., Quax WJ., Sijmons PC., van Ooyen JJ., van der Elzen PJ. (1992). 
Production of active Bacillus licheniformis alpha-amylase in tobacco and its application in 
starch liquefaction. Bio/Technol 10:292-296. 
 
Pen J., Verwoerd T., Van Paridon P., Beudeker R., Van Den Elzen P., Geerse K., Van Der 
Klis J., Verteegh H., Van Ooyen A., Hoekema A. (1993). Phytase-containing transgenic seeds 
as a novel feed additive for improved phosphorus utilization. Bio/Technol 11:811-814. 
 
Philip R., Darnowski DW., Maughan PJ., Vodkin LO. (2001). Processing and localization of 
bovine β-casein expressed in transgenic soybean seeds under control of a soybean lectin 
expression cassette. Plant Sci 161:323-335. 
 
Phillippy BQ. and Mullaney EJ. (1997). Expression of an Aspergillus niger phytase (PhyA) in 
Escherichia coli. J Agric Food Chem 45:3337-3342. 
 
Poirier Y., Dennis DE., Klomparens K., Somerville C. (1992). Science 256:520-523 . 
 
Ravi K., Hu C., Reddi PS., van Huistee RB. (1986). Effect of tunicamycin on peroxidase 
release by cultured peanut suspension cells. J Exp Bot 37:1708-1715. 
 
Richardson AE., Hadobas PA., Hayes JE. (2001). Extracellular secretion of Aspergillus 
phytase from Arabidopsis roots enables plants to obtain phosphorus from phytate. The Plant 
Journal 25(6):641-649. 
References 
 116
 
Roberts K. (1990). Structures at the plant cell surface. Curr Opin Cell Biol 2:51-59. 
 
Robinson DG. and Hinz G. (1999). Golgi mediated transport of seed storage proteins. Seed 
Sci Res 9:267-283. 
 
Rosenberg SA., Grimm EA., McGrogan M., Doyle M ., Kawasaki E ., Koths K., Mark DF. 
(1984). Biological activity of recombinant human interleukin-2 produced in Escherichia coli. 
Science 223:1412-1414. 
 
Ruggiero F., Exposito JY., Bournat P., Gruber V., Perret S., Comte J., Olagnier B., Garrone 
R., Theisen M. (2000). Triple helix assembly and processing of human collagen produced in 
transgenic tobacco plants. FEBS Lett 469:132-136. 
 
Saint-Jore-Dupas C., Gomord V., Paris N. (2004). Protein localization in the plant Golgi 
apparatus and the trans-Golgi network. Cell Mol Life Sci 61:159-171. 
 
Sambrook J. and Russell DW. (2000). Molecular cloning – a laboratory manual. Cold Spring 
Harbor Laboratory, New York. 
 
Samyn-Petit B., Wajda Dubos JP., Chirat F., Coddeville B., Demaizieres G., Farrer S., 
Slomianny MC., Theisen M., Delannoy P. 2003. Comparative analysis of the site-specific N-
glycosylation of human lactoferrin produced in maize and tobacco plants. Eur J Biochem 
270:3235-3242 
 
Santino A., Daminati MG., Vitale A., Bollini R. (1992). The α-amylase inhibitor of bean 
seed : two-step proteolitic maturation in the protein storage vacuoles of the developing 
cotyledon. Physiologia Plantarum 85:425-432. 
 
Schillberg S., Fischer R., Emans N. (2003). Molecular farming of recombinant antibodies in 
plants. Cell Mol Life Sci 60:433-445. 
 
References 
 117
Schillberg S. and Twyman RM. (2004). Emerging production systems for antibodies in plants. 
In: Handbook of Plant Biotechnology. Eds.: Paul Christou and Harry Klee. John Wiley and 
Sons Ltd., pp. 801-810. 
 
Shewry PR., Napier JA., Tatham AS. (1995). Seed storage proteins: structures and 
biosynthesis. Plant Cell 7:945-956. 
 
Shewry PR and Casey R. (1999). Seed proteins. The Netherlands: Kluwer Academic 
Publishers. 
 
Shewry PR and Halford NG. (2002). Cereal seed storage proteins: structure, properties and 
role in grain utilization. J Exp Bot 53:947-958. 
 
Shimada T., Kuroyanagi M., Nishimura M., Hara-Nishimura I. (1997). A pumpkin 72-kDa 
membrane protein of precursor accumulating vesicles has characteristics of a vacuolar sorting 
receptor. Plant Cell Physiol 38:1414-1420. 
 
Shimada T., Fuji K., Tamura K., Kondo M., Nishimura M., Hara-Nishimura I. (2003). 
Vacuolar sorting receptor for seed storage proteins in Arabidopsis thaliana. Proc Natl Acad 
Sci USA 100:16095-16100. 
 
Shotwell M. and Larkins BA. (1989). The biochemistry and molecular biology of seed storage 
proteins. In The biochemistry of plants: a comprehensive treatise, ed. E Marcus, pp. 296-345. 
Orlando, FL: Academic. 
 
Sijmons PC., Dekker BM., Schrammeijer B., Verwoerd TC., van der Elzen PJ., Hoekema A. 
(1990). Production of correctly processed serum albumin in transgenic plants. Bio/Technol 
8:217-221. 
 
Simons JP., McClenaghan M., Clark AJ. (1987). Alteration of the quality of milk by 
expression of sheep betalactoglobulin in transgenic mice. Nature 328:530-532. 
 
Snell KD. and Peoples OP. (2002). Polyhydroxyalkanoate polymers and their production in 
transgenic plants. Metab Eng 4:29-40. 
References 
 118
 
Sonnewald U., von Schaewen A., Willmitzer L. (1990). Expression of mutant patatin protein 
in transgenic tobacco plants: role of glycans and intracellular location. Plant Cell 2:345-355. 
 
Staswick PE. (1994). Storage proteins of vegetative plant tissues. Annu Rev Plant Physiol 
Plant Mol Biol 45:303-322. 
 
Staub JM., Garcia B., Graves J., Hajdukiewicz PT., Hunter P.,  Nehra N., Paradkar V., 
schlittler M., Carroll JA., Spatola L., Ward D., Ye G., Russell DA. (2000). High-yield 
production of a human therapeutic protein in tobacco chloroplasts. Nature Biotechnol 18:333-
338. 
 
Staudacher E., Dalik T., Wawra P., Altmann F., Marz L. (1995). Functional purification and 
characterization of a GDP-fucose: β-N-acetylglucosamine (Fuc to Asn linked GlcNAc) α-1,3-
fucosyltransferase from mung beans. Glycoconj J 12:780-786. 
 
Stevens TH., Rothman JH., Payne GS., Schekman R. (1986). Gene dosage dependent 
secretion of yeast vacuolar carboxypeptidase Y. J Cell Biol 102:1551-1557. 
 
Stoger E., Vaquero C., Torres E., Sack M., Nicholson L., Drossard J., Williams S., Keen D., 
Perrin Y., Christou P., Fischer R. (2000). Cereal crops as viable production and storage 
systems for pharmaceutical scFv antibodies. Plant Mol Biol 42:583-590. 
 
Stoger E, Sack M, Perrin Y, Vaquero C, Torres E, Twyman RM, Christou P, Fischer R (2002) 
Practical considerations for pharmaceutical antibody production in different crop systems. 
Mol Breeding 9:149-158. 
 
Stoger E., Marcel S., Twyman RM. (2004). Crop plants for molecular farming. In: Handbook 
of Plant Biotechnology. Eds.: Paul Christou and Harry Klee. John Wiley and Sons Ltd., pp. 
747-758. 
 
Stoger E., Ma JKC., Fischer R.,  Christou, P. (2005). Sowing the seeds of success: 
pharmaceutical proteins from plants. Curr Opin Biotech 16(2):167-173. 
References 
 119
 
Su PH., Yu SM., Chen CS. (2004). Expression analyses of a rice 10 kDa sulphur-rich 
prolamin gene. Bot Bull Acad Sin 45:101-109. 
 
Tacket CO., Mason HS., Losonsky G., Clement JD., Levine MM., Arntzen CJ. (1998). 
Immunogenicity in humans of a recombinant bacterial antigen delivered in transgenic potato. 
Nature Medicine 4:607-609. 
 
Tooze J., Kern HF., Fuller SD., Howell KE. (1989). Condensation-sorting events in the rough 
endoplasmic reticulum of exocrine pancreatic cells. J Cell Biol 109:35-50. 
 
Tomlinson KL., McHugh S., Labbe H., Grainger JL., James LE., Pomeroy KM., Mullin JW., 
Miller SS., Dennis DT., Miki BLA. (2004). Evidence that the hexose-to-sucrose ratio does not 
control the switch to storage product accumulation in oilseeds: analysis of tobacco seed 
development and effects of overexpressing apoplastic invertase. J Exp Bot 55(406):2291-
2303. 
 
Torres E., Vaquero C., Nicholson L., Sack M., Stoger E., Drossard J., Christou P., Fischer R., 
Perrin Y. (1999). Rice cell culture as an alternative production system for functional 
diagnostic and therapeutic antibodies. Trans Res 8:441-449. 
 
Twyman RM., Stoger E., Schillberg S., Christou P., Fischer R. (2003). Molecular farming in 
plants: host systems and expression technology. Trends Biotechnol 21:570-578. 
 
Ullah AH., Sethumadhavan K., Mullaney EJ., Ziegelhoffer T., Austin-Phillips S. (1999). 
Characterization of Recombinant Fungal Phytase (phyA) Expressed in Tobacco Leaves. 
Biochem Biophys Res Comm 264:201-206. 
 
Ullah AH., Sethumadhavan K., Mullaney EJ., Ziegelhoffer T., Austin-Phillips S. (2002). 
Cloned and expressed fungal PhyA gene in alfalfa produces a stable phytase. Biochem 
Biophys Res Comm 290:1343-1348. 
 
References 
 120
Ullah AH., Sethumadhavan K., Mullaney EJ., Ziegelhoffer T., Austin-Phillips S. (2003). 
Fungal PhyA gene expressed in potato leaves produces active and stable phytase. Biochem 
Biophys res Comm 306:603-609. 
 
Vain P., McMullen MD., Fines JJ. (1993). Osmotic treatment enhances particle bombardment 
mediated transient and stable transformation of maize. Plant Cell Report 12:84-88. 
 
 
Van Hartingsveldt W., Van Zeijl CMJ., Harteveld GM., Gouka RJ., Suykerbuyk MEG., 
Luiten RGM., Van Paridon PA., Selten GCM., Veenstra AE., Van Gorcom RFM., Van Den 
Hondel CAMJJ. (1993). Cloning, characterization and overexpression of the phytase-
encoding gene (phyA) of Aspergillus niger. Gene 127:87-94. 
 
Van Ree R., Cabanes-Macheteau M., Akkerdaas J., Milazzo JP., Loutelier-bourhis C., Rayon 
C., Villalba M., Koppelman S., Aalberse R., Rodriguez R., Faye L., Lerouge P. (2000). 
Β(1,2)-xylose and α(1,3)-fucose residues have a strong contribution in IgE binding to plant 
glycoallergens. J Biol Chem 275:11451-11458. 
 
Van Veldhoven PP. and Mannaerts GP. (1987). Inorganic and organic phosphate 
measurements in the nanomolar range. Anal Biochem 161:45-48. 
 
Verwoerd T., Van Paridon P., Van Ooyen A., Hoekema A., Pen J. (1995). Stable 
accumulation of Aspergillus niger phytase in transgenic tobacco leaves. Plant Physiol 
109:1199-1205. 
 
Vitale A and Chrispeel MJ. (1984). Transient N-acetyleglucosamine in the biosynthesis of 
phytohemagglutinin: attachment in the Golgi apparatus and removal in the protein bodies. J 
Cell Biol 99:133-140. 
 
Vitale A., Bielli A., Ceriotti A. (1995). The binding protein associates with monomeric 
phaseolin. Plant Physiol 107:1411-1418. 
 
Vitale A. and Denecke J. (1999). The endoplasmic reticulum – gateway to the secretory 
pathway. Plant Cell 11:615-628. 
References 
 121
 
Vitale A. and Raikhel NV. (1999). What do proteins need to reach different vacuoles? Trends 
Plant Sci 4(4):149-155. 
 
Voss, A., Nierbach, M., Hain, R., Hirsch, H.J., Liao, Y.C., Kreuzaler, F. and Fischer, R. 
(1995). Reduced virus infectivity in N. tabacum secreting a TMV-specific full-size antibody. 
Mol Breeding 1: 39-50. 
 
Walter P. and Blobel G. (1981). Translocation of proteins across the endoplasmic reticulum 
II. Signal recognition protein (SRP) mediates the selective binding to microsomal membranes 
in in vitro-assembled polysomes synthetizing secretory protein. J Cell Biol 91:551-556. 
 
Walter P. and Lingappa V. (1986). Mechanism of protein translocation across the 
endoplasmic reticulum. Annu Rev Cell Biol 2:499-516. 
 
Watanabe E., Shimada T., Kuroyanagi M., Nishimura M., Hara-Nishimura I. (2002). 
Calcium-mediated associated of a putative vacuolar sorting receptor PV72 with a propeptide 
of 2S albumin. J Biol Chem 277:8708-8715. 
 
Westphal S., Kolarich D., Foetisch K., Lauer I., Altmann F., Conti A., Crespo JF., Rodriguez 
J., Enrique E., Vieths S., Scheurer S. (2003). Molecular characterization and allergenic 
activity of Lyc e 2 (beta-fructofuranosidase), a glycosylated allergen of tomato. Eur J 
Biochem 270:1327-1337. 
 
Wilkins TA., Bednarek SY., Raikhel NV. (1990). Role of propeptide glycan in post-
translational processing and transport of barley lectin to vacuoles in transgenic tobacco. Plant 
Cell 2:301-313. 
 
Wilson CM. (1991). Multiple zeins from maize endosperm characterized by reverse-phase 
high performance liquid chromatography. Plant Physiol 95:777-786. 
 
Wilson IBH., Zeleny R., Kolarich D., Staudacher E., Stroop CJM., Kamerling JP., Altmann F. 
(2001). Analysis of Asn-linked glycans from vegetable foodstuffs: widespread occurrence of 
Lewis a, core α1,3-linked fucose and xylose substitutions. Glycobiol 11:261-274. 
References 
 122
 
Wright KE., Prior F., Sardana R., Altosaar I., Dudani AK., Ganz PR., Tackaberry ES. (2001). 
Sorting of glycoprotein B from the human cytomegalovirus to protein storage vesicles in 
seeds of transgenic tobacco. Trans Res 10:177-181. 
 
Wujek P., Kida E., Walus M., Wisniewski KE., Golabek AA. (2004). N-glycosylation is 
crucial for folding, trafficking, and stability of human tripeptidyl-peptidase I. J Biol Chem 
279:12827-12839. 
 
Wyss M., Brugger R., Kronenberger A., Remy R., Fimbel R., Oesterhelt G., Lehmann M., 
Van Loon A. (1999). Biochemical characterization of fungal phytase: catalytic properties. 
Appl Environ Microbiol 65:367-373 
 
Yang D., Guo F., Liu B., Huang N., Watkins SC. (2003). Expression and localization of 
human lysozyme in the endosperm of transgenic rice. Planta 216:597-603. 
 
Young TE. and Gallie DR. (2000). Regulation of programmed cell death in maize endosperm 
by abscisic acid. Plant Mol Biol 42:397-414. 
 
Zeng Y., Bannon G., Thomas Hayden V., Rice K., Drake R., Elbein A. (1997). Purification 
and specificity of β1, 2-xylosyltransferase, an enzyme that contributes to the allergenicity of 
some plant proteins. J Biol Chem 272:31340-31347. 
 
Zhan J., de Sousa M., Chaddock JA., Roberts LM., Lord JM. (1997). Restoration of lectin 
activity to a non-glycosylated ricin B-chain mutant by the introduction of a novel N-
glycosylation site. FEBS Lett 407:271-274. 
 
Zheng Z., Kawagoe Y., Xiao S., Li Z., Okita T., Hau T.L., Lin A., Murai N. (1993). 5' distal 
and proximal cis-acting regulator elements are required for developmental control of a rice 
seed storage protein glutelin gene. Plant J 4:357-366. 
 
References 
 123
Zheng Z., Sumi K., tanaka K., Murai N. (1995). The bean seed storage protein β-phaseolin is 
synthesized, processed, and accumulated in the vacuolar type-II protein bodies of transgenic 
rice endosperm. Plant Physiol 109:777-786. 
 
Zhu Z., Hughes K., Huang L., Sun B., Liu C., Li Y., et al. (1994). Expression of human 
alpha-interferon in plants. Virology 172:213–222. 
  124
Curriculum Vitae 
 
Family name:  Marcel 
First name:  Sylvain 
Date of birth:  29.09.1977 
Place of birth:  Le Mans, France 
 
Education and Scientific experience 
 
2002-2005 Ph.D. thesis at the RWTH University of Aachen, Germany. Work 
supervised by Dr. Eva Stoger and Prof. Rainer Fischer. 
Title: “Comparative study of the subcellular localisation and the N-
glycosylation patterns of a recombinant glycoprotein in rice, tobacco 
and Medicago truncatula.” 
Keywords: Rice transformation by particle bombardment, Nicotiana 
tabacum and Medicago truncatula transformation via Agrobacterium 
tumefaciens, protein characterization and purification, protein targeting, 
N-glycosylation, immunolocalisation. 
 
2001 DESS equivalent to a Master in Science in cell and molecular 
engineering, Université des Sciences et Technologies Lille 1, France. 
 
Laboratory training: 6 months, John Innes Centre, Molecular 
Biotechnology Unit, Norwich, UK, under the supervision of Dr. Eva 
Stoger and Prof. Paul Christou. 
 
Title: Extracellular targeting of Aspergillus niger phytase in rice callus. 
 
2000 Master (4th year university degree) in molecular biology and plant 
physiology, Université Blaise-Pascal, Clermont-Ferrand, France. 
 
Laboratory training: 3 months, Centre de Recherché Agronomique 
of Gembloux, Belgium. 
 
Title: Optimisation of wheat transformation via particle bombardment. 
 
  125
Publications, posters and oral presentations 
 
Scientific publication: 
 
Marcel S., Arcalis E., Drakakaki G., Altmann F., Fischer R., Christou P., Stoger E. 
Immunolocalisation and N-glycosylation analyses of a recombinant protein expressed in rice 
and tobacco suggest re-evaluation of the default deposition compartment in endosperm cells. 
In preparation. 
 
Marcel S., Arcalis E., Drakakaki G., Altmann F., Fischer R., Christou P., Stoger E. The 
intracellular deposition of a recombinant phytase expressed in rice is tissue-dependent. 
Submitted. 
 
Drakakaki G., Marcel S., Glahn RP., Periagh S., Christou P., Stoger E. Endosperm specific 
co-expression of recombinant soybean ferritin and Aspergilus phytase in maize results in 
significant increases in the level of bioavailable iron. Submitted. 
 
Abranches R., Marcel S., Arcalis E., Fevereiro P., Stoger E. (2005). Plants as bioreactors: 
Evaluation of Medicago truncatula as an emerging production system. J Biotechnology, in 
press. 
 
Arcalis E., Marcel S., Altmann F., Kolarich D., Drakakaki G., Fischer R., Christou P., Stoger 
E. (2004). Unexpected deposition patterns of recombinant proteins in the post-endoplasmic 
reticulum compartments of wheat endosperm. Plant Physiology 136:3457-3466. 
 
Stoger E., Marcel S., Twyman RM. (2004). Crop plants for molecular farming. In: Christou 
P, Klee H (eds) Handbook of Plant Biotechnology. John Wiley and Sons Inc., NY, pp 747-
758. 
 
 
Oral presentation: 
 
The intracellular deposition and the N-glycosylation patterns of recombinant phytase are 
species- and tissue-dependent. European Plant Endomembrane Meeting - September 2004 
- Neuchatel, Switzerland. 
 
 
Poster presentations: 
 
Marcel S., Drakakaki G., Glahn RP., Arcalis E., Fischer R., Christou P., Stoger E. 
Endosperm specific co-expression of recombinant soybean ferritin and Aspergillus niger 
phytase in maize results in significant increases in the levels of bioavailable iron. ABIC 2004 
AgBiotech goes Europe - September 2004 - Cologne, Germany.   
Poster awarded 
 
Marcel S., Arcalis E., Drakakaki G., Fischer R., Christou P., Stoger E. Molecular farming in 
crop plants: Species- and Tissue-specific N-glycosylation and protein deposition. ABIC 2004 
AgBiotech goes Europe - September 2004 - Cologne, Germany.  
 
  126
Arcalis E., Marcel S., Altmann F., Kolarich D., Drakakaki G., Fischer R., Christou P., Stoger 
E. Unexpected deposition patterns of recombinant proteins in the post-endoplasmic reticulum 
compartments of wheat endosperm. European Plant Endomembrane Meeting - September 
2004 - Neuchatel, Switzerland. 
 
Marcel S., Drakakaki G., Arcalis E., Keen D., Fischer R., Christou P., Stoger E. The 
intracellular fate of a recombinant protein is tissue-dependent. 7th International Congress of 
Plant Molecular Biology - June 2003 - Barcelona, Spain. 
 
Arcalis E., Drakakaki G., Marcel S., Fischer R., Christou P., Stoger E. Recombinant protein 
deposition in cereals: subcellular localisation in rice and wheat endosperm. 7th International 
Congress of Plant Molecular Biology - June 2003 - Barcelona, Spain. 
 
